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Abstract
Motor skills are a vital part of our life, and there might be situations where we will be required to
either learn a new skill or relearn a known one. We examined the effectiveness of two different
interventions - eccentric exercise and motivation-based instructions on enhancing the ability of
older adults to learn a novel motor skill. Exercise intervention studies have shown that as little as
12 weeks of exercise can lead to improvements in both physical fitness and cognitive function in
older adults, particularly executive control. But it is still unclear whether those improvements
translate to improvements in other domains that rely on executive control, like motor skill
learning and emotional intelligence. Study 1 explored the effect of eccentric exercise on these
domains, specifically the ability to handle proactive interference in motor learning. 22 healthy
adults (65-85 years of age) were recruited and randomly assigned either to a non-exercise control
group, or to an exercise intervention group that performed 12 weeks of low to moderate intensity
eccentric leg exercise (Eccentron). Corresponding neurophysiological measures were also
recorded using EEG. We found that the control group experienced more proactive interference
from baseline learning to post-test compared to the exercise group. The latter also displayed a
higher level of emotional processing abilities than controls. They provide preliminary evidence
that the cognitive benefits of exercise for older adults can be extended to domains outside of but
related to executive control and memory. In study 2, we examined the effectiveness of an
intervention based on the OPTIMAL theory of motor learning and performance on skill
acquisition in both younger and older adults. We recruited 39 younger adults and 30 older adults
and randomly assigned them to either the experimental group or to the control group. The
intervention affected the two groups differentially. It was somewhat successful at improving
learning in the older adults, but not in the younger adults. In fact, the intervention may have
interfered with learning in the latter.
Keywords: Aging, motor learning, proactive interference, executive function, emotional
intelligence, autonomy support, enhanced expectancy, external focus, intervention
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CHAPTER 1
INTRODUCTION
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1.1 Introduction
The aging population is burgeoning, with the worldwide population of people over 60
years projected to be 1.4 billion by 2030 (Ehsani et al., 2015; De Luca et al., 2011). In the
United States alone, people aged 65 years and over, will touch 77 million by 2034;
outnumbering children for the first time (US Census Bureau, 2018). Aging is associated
with numerous changes in physical and cognitive function, both of which impact motor
behavior. Changes in motor behavior can be attributed not only to changes in the
musculoskeletal system but also with structural atrophy and functional declines in the
brain (e.g., Seidler et al., 2010). Those brain changes are especially evident in frontal lobe
regions responsible for working memory and executive control (Raz, et al., 2005). The
extent of age-related atrophy and cognitive decline varies between individuals and can
depend on a host of factors including the environment, lifestyle, and health (Hogan,
2005). One of the main challenges for this century is to identify interventions that can
improve brain function, emotional wellbeing, limit cognitive decline and enhance
mobility, in order to make the later years of this rapidly growing section of aging
population as healthy and productive as possible.
Cognitive declines in aging affect the ability to learn motor skills, which play a vital role
across the life span-from walking, to being able to move about without assistance, or
carrying out one’s daily activities independently, or even learning new skills. All these
functions require a combination of gross and fine motor skills, with varying levels of
motor control and coordination. Hence the importance of the ability to learn and perform
a motor skill during any stage of our life, cannot be underestimated. There may be
situations where we may be required to either learn a new skill or relearn a known one.
These could be as part of a new task training, recreational pursuit, or even rehabilitation.
But, with advanced age, there is a decline in motor learning and control abilities
attributable to a multitude of factors, including declines in central nervous system,
sensory receptors and musculoskeletal systems (Seidler et al., 2010). The good news is
that, these declines can be attenuated by various interventions like exercise (Seidler et al.,
2010; Hillman et al., 2004; Hatta et al., 2005; Hübner et al., 2018) and motor training
(Seidler et al., 2010; Sawaki et al., 2003). An important aspect of motor learning is the
need to overcome interference from our memory of previous motor learning, also known
as anterograde or proactive interference. Aging is associated with increased susceptibility
to proactive interference (PI) (Roig et al., 2014). This increased vulnerability to PI may
hamper older adults from successfully learning new skills or modifying previously
learned skills, both of which are crucial not only in the context of performing everyday
activities but also in the implementation of neurorehabilitative training.
As the aging population rises, it is becoming imperative to discover and design diverse
interventions to help individuals not only learn new skills, but also different ways of
performing previously learned motor activities and ways to overcome age-related motor
declines (King et al., 2017). We know that motor skills are important throughout the
2

lifespan, and there may be situations where one requires interventions to improve their
motor learning and/or motor control. This may include either learning a new skill from
the beginning or relearning to perform a previous skill in a different manner (for
example, after a person suffers a stroke or an accident). As step in this direction, we
explored two novel approaches – a longitudinal low to moderate impact eccentric
exercise program and a more immediate, short term social-cognitive-affective
intervention (based on the OPTIMAL theory) to improve motor learning and skill
acquisition.
Cognitive aging also has an impact on emotional intelligence (EI), a domain which plays
an important role in the mental health and wellbeing during later adulthood. EI has been
conceptualized in two different ways. One is the mixed model, where EI is considered to
be a collection of characteristics and is typically measured using self-report instruments.
The other is the ability model, where EI is believed to be a combination of abilitiesperceiving, assimilating, understanding and managing emotions (Cabello et al., 2014).
There are mixed findings with respect to emotional intelligence and aging. While some
studies reported better scores for older adults (Galdona et al., 2018; Cabello et al., 2014;
Mayer et al., 1999), others found that older adults had trouble recognizing emotions
(Cabello et al., 2014; Ruffman et al., 2008). We wanted to ascertain if EI could be
enhanced through exercise, as, akin to motor learning, it is also dependent on EF (Mayer
and Salovey, 1997; Hurtado, et al., 2016). We were also interested in understanding if EI
is a factor that contributes to motor learning and one’s resilience to proactive
interference. If this were the case, then including EI components and/or being mindful of
their role in skill acquisition could enhance the effectiveness of motor learning and
training interventions.
The overarching goal of the current research is to examine two interventions for
improving cognitive function, motor learning, and EI. In our first study, we investigated
if exercise-induced improvements in executive functions would generalize to other
domains dependent on these cognitive mechanisms, including motor learning and
resistance to proactive interference. In our second study, we examined the role of
cognitive-affective processes such as enhanced expectancies (regarding one’s
performance), external focus of attention, and autonomy support to improve skill
acquisition (Stevens et al., 2012; Wulf et al., 2014; Pascua et al., 2015; Wulf &
Lewthwaite, 2016).

1.2 Research Goals
Our overall objective was to enable older adults to improve their quality of life by
enhancing their motor learning/skill acquisition and emotional intelligence abilities
through the application of two different interventions - a long term eccentric exercise
3

program and a more immediate, easily administered social-cognitive-affective instruction
protocol. We looked at these two very different forms of techniques as two alternate
approaches to enhance motor learning abilities. While the exercise program was a longerterm intervention that required a sustained commitment, the OPTIMAL theory-based
intervention was a more immediate, short term mechanism to boost learning. It comprised
of modifying the task instructions/directives to improve performance/skill acquisition.
Our reasoning was based on the premise that exercise, though being beneficial, entails a
sustained commitment over a longer period, in addition to a certain degree of physical
fitness. There is a possibility that either, or both of these requirements may be a deterrent
to participation and adherence. This is where the OPTIMAL theory-based intervention
comes into play. It is a shorter and more immediate intervention technique that could be
applicable and available to everyone. It can also be seamlessly integrated with other
forms of training and interventions, including exercise programs such as ours. We
anticipate that the findings from these studies have applications across domains of mental
health, rehabilitation (physiotherapy, occupational therapy, etc.), education, and training.
We were also interested in examining if exercise led to an improvement in EI and if EI
was related to improvement in skill acquisition and resilience to proactive interference.
As mentioned earlier, this knowledge could have important implications for various
motor learning, training, and rehabilitation interventions.
In the first study, we addressed the research questions: Does exercise lead to
improvements in EF, EI and resilience to proactive interference in motor learning? Is
improvement in EF related to improvement in the other domains? Is the degree of
resilience to proactive interference related to any of the emotional intelligence
dimensions (emotion perception, emotional understanding, and emotional management
abilities)? In the follow up study, we are investigating whether social-cognitive-affective
interventions could lead to improved skill acquisition and resilience to proactive
interference in both younger and older adults? Do cognitive and emotional intelligence
abilities mediate the effect of this intervention? We hope to utilize the findings from these
studies to enhance the learning and performance experiences of older adults across
various conditions-education, recreation and/or rehabilitation.

1.3 Significance
The rationale behind these studies is to provide evidence of novel intervention methods
that are both effective and simple and could be employed to enhance motor skill
acquisition among older adults. The hope is, that such findings would pave way for future
work on the application of these techniques across various fields including rehabilitation,
therapy, training, education and sports across different age groups, populations, and
health conditions. These inquiries will shed more light on the effects of exercise and
intrinsic motivation-based techniques on the ability to handle proactive interference more
4

effectively. The findings would also be directly applicable to the field of human
performance.

5

CHAPTER 2
REVIEW OF THE LITERATURE
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2.1 Motor Learning
As stated in Anguera et al. (2012), “Motor learning, also referred to as skill acquisition,
has been described as the processes associated with practice or experience that lead to a
relatively permanent change in one’s capability for responding” (Schmidt, 1988). This
definition has also been emphasized in other motor learning literature (Seidler et al., 2010
Seidler, 2010). There are two main categories of motor learning: sequence learning and
sensorimotor adaptation. While the former involves learning by combining isolated
movements into one smooth, coherent action (like learning multiple components of a
tennis serve), the latter involves learning by modifying movements in response to
changes in the environment. This could be learning to change one’s performance in a
motor task in response to a mechanical manipulation (Shadmehr & Mussa-Ivaldi, 1994;
Seidler, 2010) like a force field, perturbation or visuomotor rotation. A real-life example
would be learning the mapping between the size and speed of your hand movements and
the resulting movement of the cursor on the computer screen (Seidler, 2010; Seidler,
2012; Rajeshkumar & Trewartha, 2019).
Motor learning is a combination of both, conscious and unconscious processes and the
interplay of both can be observed during adaptation, particularly to visuomotor
transformations. While the conscious process includes the EF and PFC mediated
processes like strategic intentional processes involved in selecting an action goal, the
unconscious processes consists of perceptual motor integration, that is, selecting
movement targets appropriate to attain the action goal, assembling the proper sequence of
movement targets, and the generation of muscle activation (Bock & Girgenrath, 2006;
Heuer & Hegele, 2008). For example, once the action goal to move to the target has been
selected, one is generally not aware of the choice of the appropriate hand and arm
movement. However, based on the dual mode principle of Willingham (1998), some of
the processes like intentional strategic corrections that follow the selection of action
goals, could also contribute to perceptual motor integration by consciously selecting a
movement target to compensate for a visuomotor rotation (Heuer & Hegele, 2008). As
we have seen, multiple cognitive mechanisms are involved in motor learning/skill
acquisition and include explicit and implicit working memory resources (Trewartha,
2014; Taylor et al., 2014), spatial working memory (Anguera et al., 2009, Seidler et al.,
2012), decision-making, performance monitoring, and associative memory processes
(Anguera et al., 2009; Taylor and Ivry 2011; Trewartha et al. 2014; Rajeshkumar &
Trewartha, 2019). Rigoli et al. (2012) emphasizes the role of executive functions in
motor coordination and control-like inhibiting certain actions, monitoring, making
corrections and anticipating and updating movements according to the task.
When we speak of sensorimotor adaption in motor learning, there are various aspects to
it: early learning, learning to learn and transfer of learning. Early learning refers to the
initial stages of motor acquisition, transfer (or generalization) of learning refers to the
extent to which a newly acquired skill can be produced under different conditions and
7

task variants. In other words, where individuals can make use of the previously acquired
motor memory to learn a new task/movement. Learning to learn is when one can ‘learn to
learn’ (Bock et al., 2001; Seidler, 2010) a new motor skill where participants exposed to
different forms of motor learning tasks in succession, show a faster learning ability in the
given task as compared to their naive counterparts. On examining the neural basis of
these paradigms in her review, Seidler (2010), finds that early learning engages the basal
ganglia thalamocortical loops, the anterior cingulate cortex, the inferior frontal gyrus,
medial cerebellum, and visual and parietal cortical areas. It is hypothesized that this
activation pattern most likely supports cognitive demands of the task including error
detection and correction, working memory, and attention. Learning to learn is also
thought to involve enhanced operations of these processes and their underlying neural
systems. Later phases of motor learning have been observed to engage the lateral
cerebellum, parietal and cingulate motor cortical areas and this brain activation pattern
possibly supports storage and refinement of newly acquired sensorimotor representations.
Transfer of learning, which involves retrieval and modification of previously acquired
internal models (to complete the task at hand), shows brain activation patterns similar to
those of the late phase of motor learning. There is also a possibility of engaging early
learning related processes but at a comparatively reduced amplitude and timescale. As
elucidated above, PFC-mediated working memory and executive control processes are
essential for acquiring a new motor skill (Anguera et al., 2011; Trewartha et al., 2014;
McDougle et al. 2015, 2016; Rajeshkumar & Trewartha, 2019; Seidler, 2010).
Motor learning, the ability to learn new motor skills has been observed to deteriorate in
the course of aging (Bock & Girgenrath, 2006, Heuer & Hegele, 2008; McNay and
Willingham 1998; Seidler, 2006, Trewartha et al., 2013; Rajeshkumar & Trewartha,
2019). This is expected, given that age-related impairments are more pronounced in the
frontal lobes, and as observed, motor learning/skill acquisition (at least the conscious
processes) is dependent on frontal lobe based cognitive functions (especially the
dorsolateral frontal cortex, which is the major neural base of strategic and other related
processes (Willingham, 1998; Heuer & Hegele, 2008). Seidler et al. (2013), explains the
role of neurocognitive mechanisms, especially working memory, in the context of
visuomotor adaptation (VMA). VMA, a task which is cognitively demanding (Eversheim
& Bock, 2001; Taylor & Thoroughman, 2007, 2008), involves the ‘recalibration of a
well-learned spatial-motor association’ and in addition to sensorimotor processes, it also
involves explicit and implicit cognitive strategies. It is said to comprise of a cognitively
powered “fast/early learning” stage marked by swift enhancements in performance and
an autonomous “slow/late learning” stage with smaller performance increases evolving
over longer time periods (Smith et al., 2006; Keisler & Shadmehr, 2010; Seidler et al.,
2012). On examining the neural basis of VMA, the activation of DLPFC, basal ganglia,
premotor, and parietal regions (Anguera et al., 2009; Inoue et al., 2000; Seidler et al.,
2006; Toni et al., 1999) were observed during the early stages of adaption when
participants are first exposed to the rotation and are developing adaptation strategies,
while during the later stages, activity in the cerebellum, visual, parietal and temporal
8

cortices was more predominant (Graydon et al., 2005; Imamizu et al., 2000; Inoue et al.,
2000; Krakauer et al., 2004). Seidler et al. (2012) and Anguera et al. (2012) have also
demonstrated that spatial working memory plays an important role in VMA and that agerelated declines in this function contributes to deterioration in the performance of older
adults.
Though older adults show some amount of deterioration in sensorimotor adaption
(Seidler, 2006; Trewartha et al., 2014; Rajeshkumar & Trewartha, 2019), do they also
demonstrate impaired savings in the rate of learning at transfer (the extent to which a
newly acquired skill can be produced under different conditions and task variants)?
Seidler explored this concept and found that older adults exhibited a normal amount of
savings based on their prior learning experience. They performed as well as, and in some
cases, even better that their younger counterparts in a visuomotor adaptation transfer task.
This suggests that motor acquisition and transfer might be distinct processes, and
differentially affected by age (Seidler, 2007). In our study, we will be looking at both,
learning and transfer in older adults, particularly with reference to susceptibility to
proactive interference (during transfer) in a visuomotor rotation task.

2.1.1 Motor Learning and Proactive Interference
Inhibition plays a crucial role in multiple motor functions. ‘Motor inhibition is required
during withdrawing, cancelation, or selection of voluntary movements’ (Levin and Netz,
2015). And similar to cognitive learning, motor learning is also not free from
interference. It can be affected by both proactive interference – where a previously
learned skill affects the ability to learn a new skill – and retroactive interference – where
retention of a previously learned skill is impaired due to learning of a new skill (Goedert
& Willingham, 2002; Krakauer & Shadmehr, 2006). Compared to younger adults, older
adults have been observed to be more susceptible to memory interference (Roig et al.,
2014; Brashers-Krug et al., 1996). Age-related changes in brain functioning and
connectivity are frequently seen in prefrontal brain areas like the dorsolateral prefrontal
cortex (DLPFC), inferior frontal cortex (IFC), and/or the pre-supplementary motor area
(pre-SMA) (Globe et al., 2010; Heuninckx et al., 2008) that are typically involved in the
suppression of prepotent response tendencies.
During learning, when information is retrieved, irrelevant or conflicting information
needs to be suppressed and relevant information enhanced. This requires recruitment of
EF. Proactive interference (PI) based neuroimaging studies have observed that frontal
lobe mechanisms (Badre & Wagner, 2006) like the executive control processes and
working memory (Postle et.al., 2004) may play an important role in resolving PI. As we
have seen, older adults appear to more susceptible to proactive interference than their
younger counterparts (Dulas et.al., 2016). They also display a decline in their ability to
learn new motor skill (Seidler, 2007). Bock et al. (2001) examined how sensorimotor
9

adaptation acquired during one session influenced adaption in a subsequent session and
found that when the administered sensorimotor discordances (visuomotor rotation) were
in mutual conflict with each other, there was evidence of task interference and as a result,
the adaptation was poorer in the subsequent session. On the other hand, when the
discordances were independent (and not in opposition to each other), it facilitated
adaption. Earlier studies (Shadmehr and Brashers-Krug 1997; Shadmehr and Holcomb
1999) have also demonstrated that subjects experiencing an opposite manipulation/
discordance in their second session, displayed a deterioration in their adaptation and
performed substantially worse, especially if the sessions were scheduled closer to each
other (less than 5 hours apart). They hypothesized that this decline could be attributed to
the lack of sufficient time (between sessions) that is required for the adaptation to be
consolidated in long term memory. This is because, when the two sessions are conducted
in close temporal proximity, the two opposing discordances compete for the limited
short-term memory (STM) capacity. They also observed that the non-compatible adapted
states will interfere with memory even if they are acquired up to a month apart.
According to Bock et al. (2001), interference is a competition between conflicting task
requirements rather than being related to the competition for resources and fragility of
representation in the short-term memory. In the visuomotor rotation (VMR) task,
proactive interference (PI) happens when initial learning impairs subsequent adaptation to
an opposing perturbation. The interference effects could be explained by a two-process
model which suggests a fast-learning, fast-forgetting process that occurs by updating an
internal model, along with a slow-learning, slow-forgetting process that does not involve
updating an internal model (Huang et al., 2011; Leow et al., 2013). PI can be detrimental
when trying to learn a new task or relearn a task, especially when the task is conflicting
with prior learning. For example, during neurorehabilitation, when a person is required to
relearn a motor task, s/he might need to overcome interference from prior learning, which
may not be easy. Interventions that could reduce susceptibility to PI would be prove
useful in such situations.

2.2 Emotional Intelligence
According to Mayer, Caruso and Salovey (1999, 2002; Austin, 2010), emotional
intelligence (EI) consists of four branches: (1) perceiving emotions (accurate perception
and expression of emotions); (2) assimilating emotions or facilitation of thought
(assimilating emotional experiences into percentual perceptual and cognitive processes,
reasoning with them); (3) understanding emotions (understanding the progressions of
emotions across time and situations); and (4) managing emotions (effective regulation of
emotions in self and others). While branches 1 and 2 are considered as the Experiential
area, branches 3 and 4 form the Strategic area (Mayer and Salovey, 1997; Hurtado, et al.,
2016). The above functions warrant the application of cognitive abilities to discern
emotions accurately (both in self and others), manage emotions appropriately, make
decisions and act accordingly. It is no surprise therefore, that emotional processing has
10

been found to be related to attention and executive control (Etkin et al., 2012; Hurtado, et
al., 2016). Hurtado explored the relationship between EF (working memory and
reasoning subtests of the Wechsler Adult Intelligence Scale, Trail Making and Stroop
tests, fluency and planning tasks, and Wisconsin Card Sorting Test) and EI. The findings
showed a correlation between most of the EF and EI mainly in their healthy participants.
Importantly, the relationship between cognitive and emotional intelligence was only
significant in the Strategic area (Mayer and Salovey, 1997; Hurtado, et al., 2016),
suggesting that a certain level of neurocognition is needed to understand and effectively
think about one's own thoughts and those of others, in order to use proper metacognition
and manage social difficulties. Executive function and self-regulation skills have said to
be dependent on three types of brain function: working memory, mental flexibility, and
self-control (which is also an aspect of EI - emotional management) (“Center on
Developing Child”, 2019). These functions are highly interrelated, and the successful
application of executive function skills requires them to operate in coordination with each
other. EI and EF have also shown to depend on some common brain regions like the
orbital frontal cortex (OFC), and the anterior cingulate cortex (ACC) (Tarasuik et al.,
2009).
There have been contradictory findings in the literature related to aging and EI. While
some studies state that older adults exhibit higher EI than the younger counterparts
(Mayer et al., 1999; Van Rooy et al., 2004; Chapman & Hayslip, 2006; Gardner &
Qualter, 2011; Mayer et al., 2000; Tsaousis & Kazi, 2013, Chen et al., 2016), others have
found no significant relationships between age and the various EI branches (Farrelly and
Austin, 2007, Webb et al., 2013). A few others have demonstrated that age correlates
negatively with emotion perception (Day & Carroll, 2004; Palmer et al., 2005) and
emotion recognition (Ruffman et al., 2008; Cabello et al., 2014). Sliter and colleagues
(2012) theorize that the relationship between age and EI can be explained on the basis of
lifelong learning effects. As people age, they have ample opportunities to practice EI
skills all through their lifespan and through this learning, gradually improve their
understanding of emotions in themselves and others (Baltes et al., 1999) and thus employ
better emotion regulation strategies as compared to younger adults (Gross & John, 2003).
EI is a skill that can be enhanced through practice and older adults have ample
opportunities to do so. EI has also been associated with life satisfaction (James et al.,
2012; Koydemir et al., 2013, Chen et al., 2016), psychological wellbeing and positive
affect among older adults (Galdona, et al., 2018). Cabello et al. (2014) make a case that
the as well where education can help preserve cognitive-emotional structures during
aging. They found that older adults with university education had similar scores to
younger adults and higher scores than their less educated counterparts.
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2.3 Executive Function
Executive Function (EF) can be described as the cognitive ability to regulate behavior
and the more rudimentary cognitive processes by modifying the responses based on
environmental cues (Brennan et al, 1997; Welsh et al., 1995; Welsh & Pennington, 1988).
It facilitates self-monitoring and goal directed activity (Brennan et al., 1997). More recent
evidence indicates that executive function / executive control is a “collection of related
but separable abilities” and the three most examined EFs are response inhibition (ability
to inhibit dominant or automatic responses), updating working memory representations
(ability to continuously monitor incoming information with reference to the present task
and appropriately update by replacing irrelevant information with newer, more applicable
information) and set shifting (ability to flexibly switch back and forth between tasks
(Friedman et al., 2008). In addition to these most widely studied components, there are
other executive functions like dual tasking (Logie et.al., 2004; Salthouse et.al., 2003;
Friedman et al., 2008) and resisting proactive interference (Friedman & Miyake, 2004;
Friedman et al., 2008). Like Friedman, Diamond (2013) too characterized executive
function to be comprised of three main components and he described these as inhibitory
control (IC: attentional inhibition and cognitive inhibition), working memory (WM) and
cognitive flexibility, all of which form the basis for higher order skills such as planning,
problem solving and reasoning (Collins & Koechlin 2012; Lunt et al., 2012; Diamond,
2013). Inhibitory control (IC) is the ability to control one’s attention, behavior, thought
and/or emotion to override a strong internal predisposition or external temptation, and do
what is more appropriate or required. Attentional inhibition/or Inhibitory control of
attention refers to interference control at the perception level, and enables us to
selectively attend to certain stimuli, while suppressing or ignoring others. Cognitive
inhibition, another form of IC is more about the ability to resist unwanted thoughts or
memories, proactive and retroactive interference. It supports working memory (WM) by
keeping out/deleting irrelevant information and preventing the mental workspace from
becoming cluttered (Duncan et al., 2008; Diamond 2013). It appears to correspond more
with WM measures than other forms of inhibition. Self-control, another aspect of IC,
involves controlling one’s emotions, resisting temptations and restricting impulsive
behavior. It is also about staying on task in spite of distractions and delaying gratification
(Diamond, 2013).
Inhibition is important across the lifespan, and its proficiency is connected with the
development of children’s cognitive, behavioral, social, and emotional competencies
(Howard et al., 2014; Riggs et al., 2004; Riggs et al., 2006). In older adults, on the other
hand, a decline in inhibitory control (IC) processes interferes with memory retrieval,
resisting distraction and processing speed (Hasher et al., 1991; Howard et al., 2014).
Though the importance of IC mechanisms is unquestionable, there has been diversity in
its conceptual and functional descriptions (Howard et al.,2014). According to Nigg
(2000), inhibitory processes can be classified into four types of effortful inhibition:
interference control (suppression of interference due to stimulus competition), cognitive
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inhibition (suppression of irrelevant information form WM), behavioral inhibition
(suppression of prepotent responses) and oculomotor inhibition (suppression of reflexive
saccades). His taxonomy was based on Harnishfeger’s (1995) proposition that inhibitory
processes can be classified along 3 dimensions: (a) intentional (conscious suppression of
irrelevant stimulus) or unintentional (occurs prior to conscious awareness) (b) behavioral
(inhibiting motor responses and controlling impulses), or cognitive (controls processes
such as memory and attention, suppresses unwanted/irrelevant thoughts and gating
irrelevant information from working memory (WM) and (c) inhibition (active
suppression process that operates on the contents of WM) and resistance to interference
(gating mechanism that prevents irrelevant information or distracting stimuli from
entering WM). There was also the question of determining if these IC processes reflected
the same cognitive abilities. While the one factor model of inhibition proposes a single
inhibitory resource for interrupting task-irrelevant cognitive processes, the multi-factor
model, such as the ‘Theory of Constructive Operators’ (TCO) model of mental attention
(Im-Bolter, et al., 2015), proposes that multiple resources contribute to inhibitory
function and thus involves relationships with other cognitive processes as well. The
general limited-resource model of inhibition stipulates that there is a limited pool of
mental resources that is allocated for ongoing cognitive processes and is not restricted to
any one specific type of mental function (Engle & Kane, 2004; Wais & Gazzaley, 2011).
The attentional models of inhibition assert that inhibition effects can be explained solely
in terms of attention (Cohen et al., 1990; Morton & Munakata, 2002) but
neuropsychological evidence from patients with frontal lobe lesions show that the deficits
accompanying a frontal lobe lesion cannot be explained on the basis of attention alone
(Nigg et al., 2002; Howard et al., 2014). Friedman and Miyake (2004) challenged these
models of inhibition and through confirmatory factor analysis and structural equation
modeling, obtained two distinct inhibition factors: The first factor corresponded to an
ability to suppress pre-potent responses and resist interference from distraction, and the
second factor had the ability to resist intrusions from no-longer task-relevant information
(‘resistance to proactive interference’). Through their evaluation of these various
competing theoretical models, Howard et al. (2014) validated the distinction between
automatic and effortful inhibition, the crucial role of mental attention during performance
of inhibition tasks, and the role of WM in tasks involving effortful inhibition.
Given the interdependence of the IC processes, could it be a possibility that they rely on
the same underlying neural processes? It is hypothesized that, while inhibitory control of
attention and action appear to share the same neural substrates (Bunge et al., 2002; Cohen
et al. 2012; Diamond, 2013), cognitive inhibition may be dissociable, as found by
Engelhardt et al. (2008) and Friedman & Miyake (2004). But one aspect that is common
to all the inhibition-related functions is that they appear to require some measure of
executive control, and this involves the frontal lobes or the anterior attentional network
(Posner & Raichle, 1994). An atrophy in this region (age-related or otherwise) might very
well result in a decline of these functions.
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The second subdomain of EF, working memory (WM), involves performing one or more
mental operations while simultaneously holding information in mind that is not
perceptually available (Baddeley & Hitch, 1994; Diamond, 2013). WM (holding
information in mind and manipulating it) is different from short term memory (STM)
(just holding information in mind). Whereas WM relies more on dorsolateral prefrontal
cortex, STM shows frontal activation only in ventrolateral prefrontal cortex. WM is
necessary for any activity that requires holding in mind/memory something that happened
earlier and relating it to the present situation or ‘working with’ the earlier acquired
information to complete the present task (Baddeley and Hitch, 1994; Diamond, 2013,
Smith and Jonides, 1999). Another example where WM comes into play, is when we
need to remember/hold a question in mind, say during a lecture or conversation, till a
later time when it is appropriate to ask. Overall, WM is critical for reasoning and problem
solving, understanding, holding large amounts of information in mind, organizing,
combining and manipulating information in different ways. It might be compromised if
interference is not handled well by the IC processes. This is because WM and inhibitory
control appear to support each other and co-occur. Example of where WM supports
inhibitory control is in situations where, based on the information we are holding in WM,
we act counter to our initial inclination. By concentrating hard on the information held in
our WM, we decrease the likelihood of an ‘inhibitory error’ (emitting a prepotent
response). The WM-IC effect appears to be bidirectional. IC supports WM by preventing
mind wandering (by avoiding distractions) and cluttering of the WM workspace (by
suppressing extraneous or irrelevant thoughts) (Diamond, 2013; Duncan et al., 2008).
Cognitive flexibility, the third hub of EF, is one’s ability to change perspectives, to
change one’s way of thinking, to come up with alternate ways of solving problems,
inhibiting (and not persevering with) methods that do not work/give results and replacing
them with different and more effective ones. That is, being flexible to adjust to changing
demands, situations (Diamond, 2013), and readiness to selectively switch between
processes to generate appropriate behavioral responses (Dajani & Uddin, 2015). It
overlaps with creativity, task switching and set shifting (Diamond, 2013). An example of
flexible behavior is the ability to switch between multiple tasks. A result of task
switching (TS) is behavioral slowing, manifested as switch cost. The cause of this switch
cost and the role of cognitive control in its resolution remains debatable. Badre &
Wagner (2006) tested whether proactive interference arising from memory, places any
fundamental constraints on flexible performance, and whether prefrontal control
processes contribute to overcoming these constraints. Their experiments demonstrated the
strong association between TS and memory. According to them, the ‘control processes
contributing to TS are indistinguishable from the control processes engaged to overcome
interference arising during other acts of memory’. And hence, the neural mechanisms
supporting interference resolution during memory retrieval, such as those subserved by
mid-VLPFC, are central for successfully overcoming interference during a TS (previous
studies external to the context of TS had shown that VLPFC, particularly, the left-midVLPFC (inferior frontal gyrus pars triangularis) has been associated with the retrieval and
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selection of task-relevant representations). Thus, EF/IC and memory processes appear to
be intertwined.
2.3.1 Aging & Executive Function
Aging is accompanied by cognitive decline, the reasons for which could be a combination
of various factors, from structural atrophy of the brain (Raz et al, 1998), to degradation of
sensory faculties, visuoperceptual abilities or reduction in processing speed (Salthouse et
al., 1991). But this age-related cognitive deterioration is greatly variable and is
differentially affected by aging. Not everybody has the same trajectory of cognitive
decline. (Christensen et al., 1997, Christensen, Mackinnon et al., 1999; Buckner, 2004;
Hogan 2005; Tucker-Drob and Salthouse, 2011; Salthouse, 2017). Although this is true,
the consensus is that age-related deterioration is closely related to loss of CNS
functioning, and executive control/ EF processes that are dependent on it, are more
susceptible to the effect of aging (Hogan, 2005; Brennan et al., 1997; Daigneault &
Braun, 1993; Fisk & Warr, 1996). According to the frontal hypothesis of aging, since the
prefrontal cortex (PFC) disproportionately deteriorates more rapidly and severely than the
other cortical areas, cognitive dependent on this region will be among the first to start
declining (McAlister and Schmitter-Edgecombe, 2016). As cognitive and motor
inhibitory functions are mediated by overlapping prefrontal brain networks (Levin and
Ntez, 2015), this would lead to a decline in motor functioning as well.
The changes in the frontal striatal system, with a decrease in neurotransmitters such as
dopamine, serotonin and noradrenaline and degradation in the volume and function of the
Pre-Frontal Cortex (PFC) contribute to a reduced EF in older adults (Hedden & Gabrieli,
2004; Raz, et al., 2004; Volkow et al., 1996). Another factor contributing to decreased EF
is the damage in white matter (with frontal white matter being more vulnerable to age
related changes), as evidenced through MRI based studies of white matter lesions and
their link to cognition, including EF and memory (Gunning-Dixon & Raz, 2000;
Buckner, 2004), and grey matter loss (Good et al., 2001; Ziegler et al., 2012; Levin &
Netz, 2015). These structural declines may occur in parallel with the decline in the
regional concentration levels of neurotransmitters like gamma-aminobutyric acid
(GABA) (Gao et al., 2013; Levin & Netz 2015) and serotonin (Goldberg et al., 2004;
Lamar et al., 2009; Sibille et al., 2007). Such declines in GABAergic activity (Fujiyama
et al., 2009; Heise et al., 2013) and diminished interactions between GABAergic and
cholinergic system have been observed in healthy older adults as well those with mild
cognitive impairments (MCI), who in addition to MCI, also demonstrated defective
motor inhibition (Levin et al., 2014).
A decline in EF also influences memory. The rationale being that, remembering is mostly
dependent on controlled processing, which in turn requires sustained attention, goal
setting, and effortful processing of information (for example, when learning a skill for the
first time) (Schneider & Chein, 2003; Buckner, 2004). All of these are EFs. Hence, a
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decline in EF may in all probability contribute to deterioration in memory, over and
above that contributed by general cognitive ability (Crawford, 1999; Hogan, 2005;
Anderson & Craik, 2000). Inhibitory control (IC) also declines with age, as detailed by
the inhibitory deficit hypothesis (Hasher & Zacks, 1988; Gamboz et al. 2002) making
older adults more vulnerable to proactive and retroactive interference. Studies have
demonstrated that older adults were poor at inhibiting visual and aural distractions,
exhibiting poorer suppression of the stimuli that requires to be ignored (Diamond, 2013).
In the motor learning literature as well, older adults have been observed to be more
susceptible to memory interference (Roig et al., 2014; Shadmehr and Brashers-Krug,
1997) compared to their younger counterparts. But, although effortful inhibition
declines with aging, it is uncertain if automatic inhibition (such as that seen in the
attentional blink or negative priming) and which is dissociable from the volitional,
effortful inhibitory control (Carr et al. 2006, Nigg et al. 2002), deteriorates too. Along
these lines, the meta-analysis by Gamboz et.al. (2002) on age related differences in
negative priming demonstrated that both age groups are similarly susceptible to negative
priming effect, indicating that IC processes may very well be preserved in older adults.
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CHAPTER 3
EFFECT OF EXERCISE INTERVENTION ON MOTOR LEARNING
& EMOTIONAL INTELLIGENCE
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There is evidence suggesting that brain atrophy and cognitive deterioration can be
reduced or even reversed through interventions like physical exercise (Erickson &
Kramer, 2009). Exercise programs, especially those that that include both aerobic and
resistance training (Kelly et al., 2014) have been demonstrated to prevent age-related
cognitive decline and improve brain function (Bherer et al., 2013). A number of
physiological mechanisms are likely responsible for the neuroprotective and neuroplastic
effects of exercise on the brain including increased blood flow, elevated neurotrophin
levels, vascular improvements, facilitation of synaptogenesis and mediation of
inflammation (Kirk-Sanchez & McGough, 2013; Ploughman, 2008). The prefrontal
cortex (PFC) is especially impacted by exercise, with exercise-induced enhancements
observed in executive functions (EF) such as attention, inhibition, working memory
updating, and cognitive flexibility (Albinet et al., 2016; Chang et al., 2012). One major
domain of motor behavior that is dependent on these cognitive mechanisms is motor
learning / or skill acquisition.

3.1 Motor Learning and Exercise
It is known that an excellent physical condition may very well postpone the emergence of
symptoms of an aging motor system (Statton et al., 2015), including having ameliorative
effects on the symptoms of Parkinson's disease (Spirduso, 2013- Exercise and the aging
brain). The benefit of staying physically active doesn’t stop there. In addition to
enhancing cognitive functions and wellbeing (Kramer et al. 2007; Kaliman et al., 2011;
Voelcker-Rehage et al., 2013), physical exercise has also been found to improve brain
neuroplasticity and motor learning (Mang et. al., 2014, 2016; Duchesne et al., 2015;
Statton et al., 2015). It appears that, while exercising prior to learning a motor skill
primarily influences acquisition, exercising after acquisition positively impacts
consolidation and the strengthening of the related procedural memory (Thomas et al.,
2016). Multiple studies have demonstrated that an acute bout of exercise, when
performed in close temporal proximity to the motor task, facilitates motor skill
acquisition. (Statton et al., 2015; Roig et al., 2012, 2016). Thomas and colleagues (2016)
observed a similar occurrence, where exercise-induced enhancements in procedural
memory reduced as the temporal proximity of exercise from acquisition increased. The
group that carried out exercise 20 minutes after motor skill acquisition displayed superior
retention than both, the delayed (+2 hours) exercise group and the resting control group.
Exercise seemed to amplify ‘practice-dependent plasticity’ in the area of motor skill
acquisition. Dal Maso and colleagues (2018) looked at the effect of acute cardiovascular
exercise (high-intensity interval training), performed immediately after the motor task
(visuo-motor tracking task) on cortico-motor network functionality during the early
stages of memory consolidation. Similar to other findings, they confirmed that the above
protocol demonstrates beneficial effects on motor skill retention, but this effect is
significant only when assessed at least 24 hours after motor practice, as demonstrated by
other studies as well (Mang et al., 2014; Roig et al., 2012; Thomas et al., 2016a, 2016c).
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This improvement in retention was negligible when assessed just 8 hours after motor
practice. The authors state one possible reason could be the retention being assessed too
close in time to the exercise, not allowing enough time for its potential effects on the later
stages of memory consolidation to be captured adequately. Others too have exhibited that
effects of exercise on memory are time-dependent (Roig et al., 2016) and that they may
arise even long-after the termination of exercise (Berchtold et al., 2005).
Some motor memories also show stabilization (maintenance of skill level achieved
during practice) and off-line improvements (gains in skill level without additional
practice) after a period of sleep (King et al., 2017). This could be another reason for
exercise induced improvements to manifest more strongly after the 24 hours period.
Ostadan et al. (2016) examined if a single bout of exercise modified corticospinal
excitability (CSE) during the early stages of memory consolidation, and if changes in
CSE are associated with exercise-induced off-line gains in procedural memory. They
found that the participants in the exercise group displayed larger improvements in their
procedural memory and that exercise also led to an improvement in CSE which
correlated with the extent of off-line increases in skill level measured in a retention test
performed eight hours post motor practice. This suggests that exercise modulates short
term neuroplasticity mechanisms that contribute towards motor learning. Mang et al.
(2016) examined the impact of acute aerobic exercise (high-intensity cycling) on the
excitability of cerebellar circuits (that have been found are known to play an important
role in motor control and learning (Clenik, 2015), especially those involving visuomotor
rotations (Tseng et al., 2007; Rabe et al. 2004), and the potential role of these cerebellar
circuits in facilitating the effect of the exercise intervention on primary motor cortex
plasticity. Their study suggests that acute aerobic exercise impacts the excitability of
cerebellar circuits and provide modest evidence that these cerebellar circuits may play a
role in exercise induced increases in long term potentiation-like plasticity in the primary
motor cortex. Levin and Netz (2015) refer to the work of multiple research groups who
have demonstrated the positive effect of aerobic exercise on inhibitory control processes.
Duchesne et al. (2015) exhibited that aerobic exercise improved cognitive inhibitory
functions in both Parkinson’s Disease (PD) patients and their matched control of older
adults. All the studies mentioned so far employed high intensity aerobic exercise to study
their impact on motor skill acquisition. Snow et al. (2016), examined the effect of a single
bout of moderate intensity aerobic exercise (cycling) on motor skill acquisition and
retention in healthy young adults, and found that though this form of exercise (moderate
intensity aerobic exercise) facilitated the preservation of motor performance during skill
acquisition, it did not influence motor learning and nor did it influence off-line motor
memory consolidation. They hypothesized that intensity of exercise might be a key
modulator of the effects of acute aerobic exercise on complex motor behavior like motor
learning. Statton et al. (2015) found that pairing of motor practice with moderateintensity exercise over multiple sessions, lead to an additive effect on motor skill
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acquisition. Thus, the combination of acute and long-term interventions could maximize
the effects of cardiovascular exercise on procedural memory (Roig et al., 2013).
In our study, we are exploring the potential effect of moderate intensity eccentric exercise
on the ability of older adults to handle proactive interference in a motor skill acquisition
task. Our proposition is that the enhancement in EF due to the exercise intervention will
result in an increased efficiency in skill acquisition/motor learning, particularly on the
ability to handle proactive interference.

3.2 Motor Learning and EEG
Electroencephalography (EEG) is a non-invasive method to examine underlying neural
activity. Event related potentials (ERPs) are obtained from EEG recordings by averaging
selected time epochs synchronized/or time-licked to an event, in our case, the appearance
of a stimulus (van Dinteren et.al., 2014; Masaki et al. 2012). The average signal derived
by this process typically consists of a complex waveform with positive and negative
deflections during certain time intervals and with a specific voltage distribution across the
scalp/ head’s surface. Based on the characteristics of the deflections and waveform/s,
different components can be defined; and in most cases they can be related to underlying
cognitive processes. Some of these components have found to be useful in understanding
different aspects of motor learning like error detection, stimuli processing, movement
preparation and motor control. Motor learning, as we have seen, can be said to comprise
of motor sequence learning and motor adaptation. Our research is based on understanding
the latter, which is related to compensate for/adapt to environmental changes/
manipulation (Masaki et al., 2012). The various components that are interesting to motor
learning researchers include the N100 (N1), N200 (N2), N400 (N4), P300 or P3 (P3a and
P3b), feedback related negativity (FRN), and slow wave negativity (SWN).
The N100 component appears as negative deflection in the ERP waveform between 125
to 200 ms following the onset of a stimulus/visual cue. It is has been associated with in a
variety of stimulation conditions including visuospatial attention (and as such is related to
the allocation of visuospatial attention) (Harter et al., 1989; Hillyard & Anllo-Vento,
1998; Luck et al., 1990; Krigolson et al., 2015), visual, auditory, somatic, behavioral and
cognitive tasks (Du et al., 2016 ).
The N200 is a large negative ERP inflection between 125 and 350 ms post stimulus onset
and is made up of two subcomponents- the anterior N200 and posterior N200. While the
former is associated with conflict monitoring, stimulus frequency and aspects of language
characterization (Krigolson et al., 2015, Patel & Azzam, 2005), the latter is sensitive to
stimulus frequency and is usually seen in concordance with the posterior P300
component that is evoked during oddball tasks. The posterior N200 has also been
associated with allocation of visuospatial attention (Folstein & Van Petten, 2008). N200
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in general is suggested to have even more subdivisions related to error evaluation (FRN)
and attention (N2pc) (Luck, 2005).
The N400 (a negative ERP deflection occurring approximately 400 ms after a meaningful
stimulus onset) has largely been associated with semantic processing and reflect
neurocognitive mechanisms related to construction of meaning based on expectancies
created past experiences and current contextual information. But similar effects have also
been observed for non-linguistic material involving meaningful actions (Amoruso et al.,
2013; Sitnikova et al., 2003, Hanslmayr et al., (2008) where action-elicited N400
waveforms were observed to be more frontally distributed, as compared to the linguistic
N400 which had maximum peaks over central and parietal regions (Amoruso et al.,
2013). Some of these non-linguistic studies like Hanslmayr et al. (2008) and others
(Markela-Lerenc et al., 2004; Liotti et al., 2000; Rebai et al., 1997) found the N400
component to be related to interference elicited by the Stroop incongruent trials resulting
from the activation of the frontal central areas, particularly the ACC (MacDonald et al.,
2000; Botvinick et al., 2004) as revealed by dipole localization (Hanslmayr et al., 2008).
Another component called Late negativity (LN) at the 600-800 ms interval has also been
observed exhibit a N400-like effect reflecting interference detection in addition to the
elicitation of executive control/central executive processes.
The P300 ERP component is a large positive waveform that peaks at approximately 300
ms after stimulus onset and has been linked to cognitive information processing (e.g.,
memory, attention, executive function) (van Dinteren et.al., 2014). P300 is measured by
assessing its amplitude and latency. The amplitude (μV) s defined as the “difference
between the mean pre-stimulus baseline voltage and the largest positive-going peak of the
ERP waveform within a time window” (the range of which can vary depending on
stimulus modality, task conditions, subject age, etc.). The latency is defined as the “time
from stimulus onset to the point of maximum positive amplitude withing a time window”.
The scalp distribution is defined as the change in amplitude over the midline electrodes
(Fz, Cz, Pz) which usually increases in magnitude from frontal to parietal sites (Johnson,
1993; Polich, 2007).
The classical P300 component P3b, occurs in the range of 300-600 ms (Bledowski et al.,
2004) and is elicited by novel events (like an infrequently appearing target stimuli in the
‘oddball task’). It has a centroparietal distribution on the scalp and has been linked to
cognitive processes like context updating (Donchin & Coles, 1988; Kok, 2001) (updating
of one’s internal model of the environment based on new information), event
categorization, context closure (Polich, 1997; Bledowski et al., 2004), executive function
(Dichter et al., 2006), speed of information processing (O'Brien et al., 2011; Amin et al.,
2015) and stimulus change detection (Polich, 2007). In addition to the traditional P300
(P3b), that is associated with responding to infrequent target stimuli, a slightly earlier P3
peak has also been observed with marginally shorter latencies and larger amplitudes
(scalp distribution) over the frontal and central electrode sites. This component has been
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labeled as P3a (Squires et.al., 1975; Polich, 1997) and appears to reflect an initial alerting
process (Polich, 1997) and not necessarily to the generation of responses (van Dinteren
et.al., 2014). Bledowski et al. (2004) also made similar observations, where the parietal
and inferior temporal regions were associated with P3b, and P3a with the frontal areas
and insula. They theorized that most likely, the two components engage different
attentional subsystems which in turn depends on the type of task involved (Bledowski et
al., 2004). For our study on motor learning, we will be considering the
classical/traditional P300 or P3b.
With respect to adaptation in motor learning, MacLean et al. (2016) found P300 to be
modulated by phase (early, middle, late stages of adaptation), where it became smaller as
the task progressed, or in other words, as learning improved. A related observation was
that the P300 amplitude decreased with a reduction in error size. Palidis et al. (2019) also
had similar findings in their VMR task, where P300 was correlated to learning rate and its
amplitude increasing with sensory error induced by the perturbed visual feedback. Both
these studies reflect well the theory of context updating where the P300 response is
triggered by an element of surprise (on encountering the manipulation) and consistently
having to modify their internal model in order to adapt to the changing
environment/conditions. The P300 component appears to have a significant visual and
sensory/proprioceptive association.
In addition to the P300, there are more tonic components with less distinct peaks and
predominantly negative polarity which last for at least a couple of hundred ms. These
long lasting sustained potential shifts, or slow waves seem to exist as long as the system
is engaged in a particular processing task. Slow waves have been observed in a variety of
tasks like selective and directive attention (Nd) (Hansen & Hillyard, 1983;1988), motor
preparation (Bereitschaftspotential, or BP) performance related negativity (Kornhuber &
Deecke, 1965; Lang et al., 1988), during associative learning (Lang et al., 1987), and
when anticipating a stimulus presentation (CNV and SPN) (Brunia & Damen, 1988;
Walter et al., 1964). Their topography is task specific and covaries with the nature of a
task. It has also been observed that their amplitude covaries with task difficulty (the
amplitude becomes larger when the task becomes more difficult/or when more effort is
needed to complete the task). And hence these topographically distinct slow wave
patterns can be used to discriminate between the different stages of information
processing within a task (Rosler et al., 1997)

3.3 Emotional Intelligence & Exercise
There have been a few studies investigating the association of EI and health related
behaviors (Saklofske et al., 2015, 2007; Tsaousis & Nikolaou, 2005), and even fewer
studies to examine the effect of exercise on EI, which were mostly done on animals
(rats). And though there may not be much research done exclusively on the effect of
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exercise on EI, but there have been studies demonstrating that in addition to enhancing
learning, memory, executive function and cognitive control (Voss et al., 2011; GomezPinilla & Hillman, 2013; Donnelly et al., 2016), exercise also reduces incidence of stress
related psychiatric illnesses like depression (Zheng, et al., 2006; Greenwood, et al., 2003;
Blumenthal, et al, 2007; Lloyd et al., 2017) and anxiety (Herring et al., 2010; Powers et
al., 2015, Mika et al., 2015). It also enhances memory for extinction when performed in
close temporal proximity to the extinction (“decay of a fear response following repeated
presentation of the fear-evoking conditioned stimulus in the absence of the aversive
unconditional stimulus”) session (Siette et al., 2014). Now it appears that exercise may be
effective in preventing relapse of fear as well. Mika and colleagues (2015) demonstrated
that exercising during fear extinction diminishes relapse through a physiological
mechanism involving striatum and its direct pathway. One reasoning is that a positive
affective state (generated through exercise by recruitment of the dopaminergic system)
could become associated with the conditioned stimulus (CS) during extinction, thus
resulting in a relapse-resistant extinction memory. Mammalian target of rapamycin
(mTOR) is a translation regulator essential for cell growth, propagation, and survival. It
has been associated with enhancing learning and memory as well as antidepressant
effects. Exercise appears to activate mTOR in brain regions involved in cognition and
emotion (Lloyd et al., 2017). More recently, a study by Giles et al. (2018) demonstrated
that endurance exercise akin to 90 minutes of moderate intensity running exercise
increases positive emotion during exercise, and the cognitive control of emotion using
reappraisal after exercise in younger adults.
Based on previous findings and the association between the EI and EF, we hypothesize
that exercise induced improvement in EF will translate to/or be reflected in, an
improvement in EI as well, particularly in the areas of emotion perception and emotion
management.

3.4 Executive Function & Exercise
The importance of executive functions cannot be undervalued. They are necessary to
support several essential functions in our everyday lives, including planning a complex
sequence of tasks, organizing, multitasking, learning a new skill/task, initiating goal
directed behavior and sustaining attention while overcoming distractions and/or
interference (McAlister & Schmitter-Edgecombe, 2016). EFs have also been found to
play a mediating role between age and memory (Brennan et al., 1997; Troyer et al.,1994).
Hence, various interventions are being studied that could help older adults maintain and
enhance their EFs, and thus provide them an opportunity to live independent and fully
functioning lives for as long as possible. One such intervention proven to be effective in
enhancing EF and other cognitive abilities like memory in older adults is exercise.
The link between exercise and cognitive improvement has been established in several
research studies (Spirduso, 1975; Colcombe & Kramer, 2003; Bherer et al., 2013;
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Voelcker-Rehage & Niemann, 2013; Basso & Suzuki, 2017). The exact
neurophysiological and behavioral basis of this effect are not yet clear. It could be due to
the increase in brain derived neurotropic factor (BDNF), alleviated capacity for
neuroplastic change, increased cognitive abilities, other behavioral variables, or a
combination of one or more of these. There have also been few inconsistencies in these
assertions, where a few studies like that of Kimura et al. (2010) did not display a
significant effect of exercise on cognition. But by and large, the evidence is in favor of
exercise enhancing cognitive abilities (Colcombe & Kramer, 2003; Hillman et al., 2008;
Kramer & Erickson, 2007; Sibley & Etnier, 2003). Though exercise benefits cognitive
functions in general, its effect is more pronounced on executive functions (Colcombe &
Kramer, 2003). It has also been observed that cognitive improvement is greater for those
tasks/exercise interventions that require executive control and are correlated with
improvement in cardiovascular function (Bherer et al., 2013). Duration, frequency and
dose (length of each exercise session) seem to influence level of cognitive improvement:
the more time spent practicing, the better the cognitive improvement (Diamond, 2013).
Voelcker-Rehage & Niemann (2013) reviewed multiple studies on how different forms of
exercise (cardiovascular, resistance, coordinative exercises) affect the brain. They
acknowledged that exercise induced changes in metabolism, like higher oxygen supply
(as established in cardiovascular studies) and changes in information processing,
occurring due to the cognitive demands of the exercise (like coordination training), are
crucial to induce molecular, cellular changes and improve functional connectivity in the
brain. This in turn, results in improved cognitive functioning (Colcombe & Kramer,
2003; Voelcker-Rehageetal, 2011; Voelcker-Rehage & Niemann, 2013). These studies
have thus demonstrated that exercise, especially those that are cognitively demanding and
involve higher metabolism and cardiovascular function have a positive effect on
cognitive functioning, especially on EF. In physical activities with very low metabolic or
cognitive demands, no such improvement can be expected. For example, aerobic or
resistance exercise (like running on a treadmill or riding a stationary bike) that do not
include a substantial cognitive component/or that do not require any EF skills do not lead
to improvement in executive control (Hillman et al., 2008; Diamond, 2013; Diamond
2016). It appears that the intensity of aerobic exercise determines the scale and direction
of exercise’s effect on emotion and cognitive control, with high and low intensity
exercises affecting cognitive and emotional processing in differential ways (Dietrich,
2006; Giles et al., 2018). While some studies have shown that acute bouts of high
intensity aerobic exercises benefit cognitive functioning, a few others have proven
otherwise (Basso and Suzuki, 2017). Despite this variability, three of the most consistent
effects reported are improvements in prefrontal cortex dependent cognitive tasks (Basso
et al., 2015), improvements in mood state (Reed & Ones, 2006; Maroulakis et al., 1993),
and decrease in stress level (Ebbesen, et al. 1992; Basso and Suzuki, 2017). More
recently, in their meta-analysis, Sanders et al. (2019) found that, though exercise did
appear to yield a small positive effect on executive function and memory (d = 0.25 and d
= 0.24 respectively), the dose parameters (duration of the exercise program, duration of
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individual sessions and frequency of sessions) may not predict the magnitude of this
effect.
There have been several studies highlighting the positive relationship between physical
fitness/exercise and aging (Hogan, 2005; Yang et al., 2020; Zang et al., 2014; Kroll &
Clarkson, 1978; Spirduso, 1980). Exercise is an important and a much-researched
intervention for older adults and has proven to be beneficial to them on many fronts. It
has been found to improve cardiovascular health, retain mobility/reduce inactivity, reduce
risk of falling and improve cognitive resilience (Hogan, 2005; Bherer et al., 2013;
Voelcker-Rehage & Niemann, 2013). Physically active older adults have shown to
demonstrate superior physiological response times than their inactive counterparts
(Hogan, 2005; Kroll & Clarkson, 1978). In some cross-sectional studies, the response
times of highly fit older participants have even been found to be comparable to that of
participants even 30 to 40 years younger than them. Exercise has also shown to postpone
deterioration observed in motor systems by maintaining the nigrostriatal DA system. The
author goes on to say that exceptional physical condition may in all probability delay the
emergence of symptoms of an aging motor system and may ameliorate the symptoms of
Parkinson's disease (Hogan, 2005; Spirduso et al., 1988). Another example is that of
mind-body exercises like Tai Chi Chuan (TCC), that has been proven to enhance an
individual’s cardiopulmonary function and cognitive capabilities (Yang et al., 2020;
Miller & Taylor-Piliae, 2014, Nguyen & Kruse, 2012). Yang and colleagues (2020)
examined the potential effects of TCC specifically on inhibitory control in older people
using a functional near-infrared spectroscopy (fNIRS) technique and found that the
intervention group performed significantly better in the flanker test (faster reaction times
in the incongruent flanker trials) after the TCC exercise intervention.
Even though there have been multiple studies exploring the direct relationship between
exercise and EF, the benefits of exercise for improving other cognitive abilities that are
dependent on EF abilities are less well understood. Two such candidate domains that we
are interested in understanding more about, are motor learning/skill acquisition and
emotional intelligence abilities.

3.5 Research Question
Several studies have documented a positive relationship between motor learning,
executive function, exercise and aging, especially when the involved exercise has a
cognitive component to it. However, is the improvement in EF connected to improvement
in motor learning and emotional intelligence or are the improvements orthogonal? Does
improvement in EF translate improvement in handing proactive interference in motor
learning among older adults? What are other factors might contribute to this
improvement? Is the degree of susceptibility to proactive interference related to any of
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the emotional intelligence dimensions (emotion perception, emotional understanding and
emotional management abilities)?
We designed a 12-week eccentric exercise intervention as an attempt to answer the above
questions and to test the prediction that exercise leads to improvement in EF, the ability
to handle proactive interference in motor learning, and EI abilities. In addition, we are
also assessing changes in physical and cardiovascular measures, but the latter two will
not be the primary focus areas of this dissertation.

3.6 Method
Twenty-two older adult participants between 60 and 85 years old were recruited from the
Houghton, MI area to participate in this study. Participants were screened either over the
phone or in person using a health questionnaire to ensure that they met our inclusion
criteria outlined in Figure 2.1. They were all high functioning individuals without any
kind of neurological, cardiovascular, or orthopedic condition that would compromise
their ability and efficiency to do the assigned tasks in the study. The participants were
randomly assigned either to the exercise group or a non-exercise control group. The
exercise group included 9 females and 2 males, average age 70.6 years (+/- 3.53 years)
with an average BMI of 26.34 and the control group included 8 females and 3 males, with
an average age of 71.8 years (+/- 6.08 years) and an average BMI of 23.77. For the
baseline measures (Figure 3.1), participants were requested to come in on 3 separate
days. On day 1 they completed the cognitive and motor learning (VMR) tasks, on day 2
they had their physical fitness and arterial stiffness measures taken and on day 3 they
completed their second round of physical measures and were administered the personality
and emotional intelligence questionnaires. The same protocol was followed for the post
measures twelve weeks later.
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Figure 3.1. The research design for the Exercise Intervention study
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3.6.1 Motor Learning Task
The motor learning task was a visuomotor rotation (VMR) task implemented on a robotic
device for assessing upper limb movements (KINARM, B-Kin Technologies, Kingston,
ON, Canada) (Figures 3.2A and 3.2B). With their dominant hand, participants grasped a
handle to move a cursor toward one of four targets displayed on the screen from a start
position in the center of the screen. The target location was randomized from trial to trial
in sets of four trials across the experiment such that every four-trial set included one
movement to each target. The participants were instructed to “make a reaching movement
to the target as and when it appeared”. They were also told that the reaction time was not
important and so could start moving towards the target as and when they were ready to do
so. But once they started their movement, they were to continue moving at a consistent
pace. The VMR task consisted of 3 blocks-familiarization stage, adaptation stage and
wash-out stage. During an initial familiarization stage, the cursor followed the
participant’s hand position to the target. Without warning, a visuomotor rotation was then
applied (in the adaptation stage), where the cursor movement was rotated by a 45-degree
angle in a clockwise or counterclockwise direction about the start position relative to the
position of the participant’s hand. The participant must then adapt by moving their cursor
in a straight line at a 45-degree angle in the opposite direction to guide the cursor to the
target. During the final (wash-out) stage, the rotation was removed again to assess aftereffects. For every trial, after the target was reached the cursor feedback was turned off
and participants were instructed to move their hand back towards the midline of their
body at the bottom of the screen. Any rotation that was applied was then turned off and
the cursor turned back on so that participants could move the cursor back to the start
position to begin the next trial. The dependent measure was the angular error in degrees
of the initial heading direction of the participant’s hand for each trial. At baseline, equal
numbers of participants in each group completed a clockwise and counterclockwise
visuomotor rotation.

28

Figure 3.2B. The Visuomotor Rotation
(VMR) task where the participant is
required to move the cursor from the
‘start’ position to the ‘target’

Figure 3.2A. Kinarm-the robotic
equipment used to program and
administer the motor learning task.

3.6.2 Cognitive Tasks
The cognitive tasks were included to provide measures of executive functioning.
Standard versions of the color-word Stroop and Flanker tasks were administered using
the Psychology Experiment Building Language (PEBL) software. A spatial pairedassociate learning (PAL) task (Trewartha, 2014) was also administered to provide
additional measure of working memory.
3.6.3 Emotional Intelligence (EI) Measures
For measuring emotional intelligence abilities, the Situational Test of Emotion
Management, STEM (Austin, 2010; Allen et al., 2015) , Situational Test of Emotional
Understanding, STEU (Allen et al., 2014) and emotion perception task designed based on
the KDEF database of facial images (Lundqvist et al., 1998) were used. The STEM and
STEU consist of multiple-choice questions with items similar to those found in cognitive
tests and measure one’s abilities to understand and manage emotions. The emotion
perception (EP) task was programmed and administered using the PEBL software. For
the EP task, participants were instructed to click once on the picture/image as soon as
they identified the emotion (happy, sad, angry, afraid, disgust, surprise and neutral). The
RT was recorded at this point (RT1). A second RT (RT2) was recorded once the emotion
labels had appeared and the participant had to select the relevant label for the picture.
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3.6.4 EEG
As part of the baseline and post measures, psychophysiological (electroencephalography)
readings were also taken to measure the amplitude of the P3b, the neurophysiological
correlate of working memory (WM) updating. The goal was to compare changes in the
amplitude and latency of the P3b component elicited during the VMR task. EEG triggers
were sent from the Kinarm to the EEG acquisition software through a built in National
Instruments card. The EEG acquisition software accepted these stimulus and response
triggers and implanted these codes in the EEG data stream for synchronization. A
continuous EEG was recorded with an active electrode EEG system, ActiveTwo
(BioSemi, Amsterdam, the Netherlands), using a 32-electrode nylon cap, sampled at 512
Hz in a DC to 104 Hz bandwidth. The EEG data were recorded relative to common mode
sense and driven right leg (CMS/DRL) electrodes placed on the top of the head, to the
left and right of a midline parietal-occipital electrode (POz), respectively.
3.6.5 Exercise intervention
Once the baseline measures were collected, the participants in the control group were
informed that they would be contacted after 12 weeks to return for their follow-up testing
sessions. The exercise group came in twice a week and to complete exercise sessions at
low to moderate intensity based on the exercise protocol elucidated in Table 3.1. An
Eccentron exercise machine (BTE Rehab Equipment, Hanover, Maryland, United States)
was used to perform an eccentric exercise routine that mimics walking down a flight of
stairs. The two pedals of the machine alternately move towards the participant at a
constant rate, and the participant attempts to resist the motion. A computer screen
mounted in front of the participant provided visual cues regarding force production and
timing accuracy, and prompted the participant to transition between warm-up, exercise,
and cool-down phases. At the end of 12 weeks, participants completed the same tasks
they performed at baseline. The only change was in the motor learning task, where
participants performed a rotation opposite to the rotation they experienced at baseline to
assess proactive interference.
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Table 3.1. Exercise Protocol
Session No

Time
(Minutes)

1,2
3,4
5,6
7,8
9,10
11,12
13,14
15,16
17,18
19,20
21,22
23,24

5
8
10
12
15
15
18
18
20
20
20
20

Speed
(Reps. Per
minute)
15
15
15
17
17
17
19
19
19
21
21
21

RPE (Rate of
Perceived
Exertion)
7
9
11
13
13
13
13
13
13
13
13
13

3.7 Data Processing
Statistical analyses of these data included t-tests, Regression, Pearson correlation, and
ANOVA approaches, as described in the results section. We scrutinized the descriptive
measures of central tendency to verify if there was a major difference between the mean
and median as that might indicate outlier. We also looked at kurtosis, skewness and
carried out the Shapiro–Wilk test of normality. To rule out, or account for preexisting
significant or systematic differences, we conducted a one-way ANOVA all the baseline
measures between the two groups and found no significant difference between their
measures (p>0.2). Given our relatively small sample size and the larger number of
variables, there was a possibility of overfitting the model in regression. Hence, we
performed a dimension reduction operation involving principal component analysis
(PCA) trough varimax rotation of the independent variables (IVs).
3.7.1 Motor Learning Task
The VMR task was divided into three blocks - familiarization stage, adaptation stage and
wash-out stage. The dependent variable/measure was the angular error (AE) in degrees of
the initial heading direction (initial heading angle) of the participant’s hand for each trial.
The initial heading angle was calculated as the angle between the cursor and the start
position when the movement trajectory crossed a distance threshold at the 3 cm radius
31

from the starting position. During the rotation trials, participants corrected for the angular
error by adjusting their heading angle in the opposite direction of the rotation. For
example, the optimal compensation for the applied rotation was a 45° heading angle if the
rotation was -45°. The angular error was then calculated as the difference between the
initial heading angle and the optimal heading angle given the rotation that was applied
(i.e., either 0°,45°, or -45°). That is, if the participant was moving at a 45° heading angle
in a direction opposite to that of the applied rotation (-45°), s/he would have zero angular
error. The heading angle and angular errors were all averaged in bins of 4 consecutive
trials (i.e., one trial to each target location) for analysis. Proactive interference was
calculated as a ‘resistance to interference score’ that was obtained by subtracting the
learning score of the baseline VMR task (calculated as the difference in the angular error
between the first and last bin of the adaptation phase) from the learning score of the post
intervention VMR task. A higher resistance to interference score implied better motor
learning related to an ability to suppress interference from prior learning.
3.7.2 EEG
An exploratory aim of this research project was to investigate the neurophysiological
basis of motor learning, specifically in the context of proactive interference. We studied
the neurophysiological activity (time and frequency domains) at the Fz, Cz, and Pz
sites/channels to test the hypothesis that working memory updating processes, reflected in
the P3b ERP component would be associated with learning. Visual inspection of the ERP
waveforms revealed a P3b-like waveform and a later slow wave negativity, but there was
an apparent preexisting difference between the exercise and control group in these
waveforms. For this reason, we performed pre- and post-test, within group comparisons
of the mean amplitude of the P3b (component1/C1) and the late negativity slow wave
(LNSW) component (component 2/ C2) peaks.

3.8 Results
We used an alpha level of .05 for all statistical tests and a Bonferroni correction was
applied for all post-hoc comparisons.
3.8.1 Pre-Post Comparisons
3.8.1.1 Visuomotor Task
For the motor learning task, we assessed angular errors across the experiment in an epoch
by testing session (pre vs post) ANOVA for each group. Figures 3.3A and 3.3B illustrate
the VMR performance of both groups across all epochs. There was a main effect of epoch
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(or bins) in both, the exercise (F(59, 590) = 103.421, p < 0.001, ηp2 = 0.912) and control
(F(59, 590) = 316.408, p < 0.001 0.0, ηp2 = 0.969) groups, which was expected as the
epochs represent the different blocks (no rotation and rotation applied) and hence are
inherently different from each other. We did not find a main effect of testing session in
either group, though in the control group. However, a significant epoch by testing session
interaction (F(59, 590) = 1.453, p = 0.019, ηp2 = 0.127) revealed that the control group
experienced interference from pre to post-test in the motor learning task, whereas there
was no significant difference between the pre and post measures across epochs for the
exercise group (p > 0.6).
Resistance to proactive interference was calculated as a ‘resistance to interference score’
that was obtained by subtracting the learning score of the baseline VMR task (calculated
as the difference in the angular error between the first and last bin of the adaptation
phase) from the learning score of the post intervention VMR task. A higher resistance to
interference score implied better motor learning related to an ability to suppress
interference from prior learning. The exercise group displayed a superior resistance to
interference than the control group (Figures 3.4A and 3.4B).
3.3A

3.3B

Exercise Group

Control Group

Figure 3.3A and 3.3B. Graphical representation of the performance on the VMR task by
the exercise group (3.3A) and the control group (3.3B). In 3.3A, there is a complete
overlap of the pre and post-test measures in the adaptation trials (epochs 10-50). In 3.3B,
there is a visible difference between the pre and post-test measures in the adaptation trials
(epochs 10-50) of the control group.
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3.4A

3.4B

Figures 3.4A and 3.4B. Graphical representation of the resistance to interference
experienced by each participant in the exercise group (3.4A) and the control group
(3.4B).
3.8.1.2 Treatment Effect on Cognitive and EI Variables
The effectiveness of the intervention on the cognitive and EI variables were evaluated
using Hedges’ d, one of the measures best suited for pretest-posttest-control (PPC)
designs such as ours. The Hedges’ g was calculated first by subtracting the mean change
(post-pre) in the control group from the mean change in the exercise group and dividing
this difference by the pooled pre-test standard deviation. Hedges’ d (‘d’) was obtained
by adjusting Hedges’ g for small sample size bias (Morris, 2008).
For the cognitive variables, the treatment effect sizes were highest for Stroop conflict
cost accuracy (dppc2=0.47) and Stroop conflict cost RT (d=0.48). All the other variables
too (except for Flanker conflict cost), indicated a positive treatment effect. For the EI
variables, the effect sizes were largest for emotion perception (EP) accuracy (d=0.60),
EP RT (d=0.67), and STEM-F (d=0.62). STEM-A, STEM-S and STEM-Total also
exhibited a positive effect of treatment. The pre-test, post-test and pre-post difference
means and SDs of the cognitive and EI measures are presented in tables 3.2 and 3.3,
respectively. The treatment effect sizes related to these measures are presented in Table
3.4.
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Table 3.2. Means and SDs of Cognitive Measures
Exercise Group (N=11)
Measure

Pre-test
Mean (SD)

Post-test
Mean (SD)

Flanker Mean
0.975 (0.016)
Accuracy
Flanker Incongruent
558.273 (44.675)
RT
Flanker Conflict
55.709 (19.14)
Cost
Stroop Conflict Cost
0.021 (0.035)
Accuracy
Stroop Conflict Cost
292.490 (156.656)
RT
PAL Avg.
1.213 (1.00)
Repetition
Control Group (N=11)
Flanker Mean
0.97 (0.02)
Accuracy
Flanker Incongruent
562.07 (48.19)
RT
Flanker Conflict
57.173 (16.281
Cost
Stroop Conflict Cost
0.032 (0.034
Accuracy
Stroop Conflict Cost
314.767 (144.764
RT
PAL Avg.
1.254 (0.632
Repetition
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Pre-post Diff.
Mean (SD)

0.985 (0.014)

0.01 (0.016)

569.02 (48.437)

10.748 (27.165)

65.355 (27.613)

9.645 (26.027)

0.019 (0.038)

-0.002 (0.051)

273.276 (104.804)

-19.215 (89.731)

1.047 (0.461)

-0.166 (0.898)

0.977 (0.015)

0.007 (0.024)

582.53 (35.061)

20.459 (32.681)

69.416 (18.367)

12.243 (15.596)

0.013 (0.014)

-0.019 (0.038)

220.084 (135.433)

-94.682 (101.481)

0.928 (0.689)

-0.326 (0.521)

Table 3.3. Means and SDs of Emotional Intelligence (EI) Measures
Exercise Group (N=11)
Measures

Pre-test
Mean (SD)

STEM - A
8.765 (1.177)
STEM - S
10.128 (1.062)
STEM - F
4.659 (1.055)
STEM- Total
24.129 (2.473)
STEU
28.091 (2.737)
EP Accuracy
52.636 (5.353)
EP RT
3960.437 (1255.017)
Control Group (N=11)
STEM - A
9.045 (1.476)
STEM – S
9.25 (1.903)
STEM - F
5.197 (1.023)
STEM- Total
23.674 (3.624)
STEU
26.636 (3.171)
EP Accuracy
53.546 (5.261)
EP RT
4637.745 (1142.807)

Post-test
Mean (SD)

Pre-post Diff.
Mean (SD)

8.97 (0.888)
10.477 (0.762)
5.349 (1.021)
25.076 (2.497)
28.273 (3.2891)
54.00 (5.477)
4206.736 (1996.658)

0.204 (0.838)
0.349 (1.268)
0.689 (0.893)
0.947 (2.424)
0.182 (3.027)
1.364 (3.139)
246.306 (1495.554)

8.871 (1.897)
9.394 (2.015)
5.22 (1.071)
23.72 (4.596)
28.636 (2.42)
52.182 (5.382)
4054.382 (1100.423)

-0.174 (1.641)
0.144 (2.127)
0.023 (0.933)
0.046 (4.087)
2.00 (3.795)
-1.364 (2.898)
-583.363 (1145.982)

Table 3.4. Treatment Effect Size of Cognitive and EI Measures
Measure
Flanker Mean Accuracy
Flanker Incongruent RT
Flanker Conflict Cost
Stroop Conflict Cost Accuracy
Stroop Conflict Cost RT
PAL Avg. Repetition
STEM - A
STEM – S
STEM - F
STEM- Total
STEU
EP Accuracy
EP RT
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Effect Size
0.158
0.201
-0.141
0.469
0.481
0.184
0.273
0.128
0.617
0.280
- 0.591
0.596
0.665

3.8.1.3 EEG
As part of the baseline and post measures, psychophysiological (electroencephalography)
readings were taken to measure the amplitude of the P3b (component1/ or C1), the
neurophysiological correlate of executive functioning, learning, and working memory
(WM) updating. The goal was to compare changes (between pre and post) in the mean
amplitude of this component elicited during the VMR task. As mentioned earlier, visual
inspection of the ERP waveforms revealed a late negativity slow wave (LNSW)
component (component 2/ or C2) in addition to the P3b. Due to an apparent preexisting
difference between the exercise and control group in these waveforms, we performed pre
and post, within group comparisons of the mean amplitude of the P3b and the LNSW
peaks. The waveforms are displayed in Figure 3.6.
Both components-C1 and C2 were differentially manifested in the two groups. A time by
channel repeated measures ANOVA was performed on the mean amplitude measures of
these components for both groups separately, with 2 levels for time (pre and post), and 3
levels for channel (Fz, Cz, and Pz). In the control group (CG), for the P3b, a significant
time by channel interaction (F(2,20) = 3.63, p = 0.045, ηp2 = 0.27 ) was observed.
Pairwise comparisons for this interaction revealed a significant difference in the P3b for
the Cz channel from pre to post test. The mean amplitude of P3b at Cz was larger at pretest (during learning) than at post-test (transfer) (Mdiff = 9.15E-7 , p = 0.026). In the
exercise group (EG), there was a main effect of channel (F(2,18) = 11.88, p = 0.001, ηp2
= 0.57). Pairwise comparisons of the channels revealed that overall, mean amplitude of
P3b at Fz was significantly smaller than Cz (Mdiff = -1.34E-6 , p =0.008) and Pz (Mdiff = 2.70E-6 , p = 0.006).
For C2 (LNSW), in the control group (CG), there was a main effect of channel (F(2, 20)
= 5.06, p = 0.017, ηp2= 0.34). Pairwise comparisons indicated that the mean amplitude at
Cz was significantly smaller than that at Pz (Mdiff = -3.21E-6 , p = 0.008). In the exercise
group (EG), a main effect of channel was observed as well (F(2,18) = 3.79, p = 0.042,
ηp2= 0.30), but examination of pairwise comparisons revealed no significant differences.
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Figure 3.5. ERP waveforms of CG at Fz, Cz and Pz
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3.8.1.4 Physical Fitness and Cardiovascular Measures
Among the physical fitness measures, we observed an improvement in the Timed Up and
Go (TUG) test for the exercise group (M = 0.902, SD=0.465), t(10) = 6.432, p = 0.0).
This test was used to assess functional mobility and dynamic balance. There were no
significant changes in the cardiovascular/arterial stiffness measures for either group (p >
0.3).
3.8.2 Baseline Regression
All regression analyses used a stepwise method and the model was selected based on
Akaike information criterion (AIC). Analysis was performed in SPSS and R. Stepwise
multiple regressions were performed on the baseline measures for both groups combined.
3.8.2.1 Pre-test Adaptation stage & cognitive measures
The predictors included the following cognitive measures: Flanker task incongruent mean
response time (RT), Stroop task incongruent mean accuracy and RT, PAL average
number of repetitions. The dependent variable (DV) was the motor learning (ML)
measure of averaged angular error (AE) of the adaptation stage. PAL’s average number
of repetitions was the only cognitive variable that significantly predicted learning in
motor skill acquisition during adaptation (B = -0.61, R2 = 0.37, F(1,19) = 11.02, p =
0.004).
3.8.2.2 Pre-test Adaptation stage & ERP measures
The predictors were C1 (P3b) and C2 (LNSW) ERP measures. The dependent variable
(DV) was the motor learning (ML) measure of averaged angular error (AE) of the
adaptation stage. For both groups combined, the stepwise regression revealed C2 at Pz (B
= 0.56) and P3b at Cz (B = -0.44) to be a significant predictors during Adaptation (R2 =
0.46, F(1,19) = 7.57, p = 0.004 ).
3.8.2.3 Pre-test EI variables and cognitive measures
Stroop task performance was a significant predictor of both emotion perception accuracy
(predicted by Stroop incongruent mean accuracy) (B = 0.46, R2 = 0.21, F(1,19) = 5.10, p
= 0.036) and emotion perception RT (predicted by Stroop incongruent mean RT) (B =
2.36, R2 = 0.4, F(1,20) = 13.56, p = 0.001), consistent with previous observations that EI
scores are associated with executive control.
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3.8.3 Regression Analysis Post Adapt Angular Error Predicted by Pre-Post
Difference Measures
A stepwise multiple regression was performed separately for both the control and
exercise groups to examine if pre-post changes in cognitive and EI measures were
predictive of motor learning performance during the post adaptation phase.
3.8.3.1 Post-test Adaptation Stage & cognitive change
For the EG, the pre-post change in Flanker incongruent RT predicted ML at post-test (B =
-0.92, R2 = 0.84, F(1,8) = 42.40, p = 0.0). No significant predictors were found for CG.
3.8.3.2 Post-test Adaptation Stage & EI change
The only EI component that predicted ML at post-test was the change in emotion
perception accuracy scores (B = - 0.65, R2 = 0.42, F(1,8) = 5.76, p = 0.043) in the EG. No
significant predictors were found for CG.
3.8.3.3 Post-test Adaptation Stage & ERP change
For both the CG and the EG, pre-post change in C2 mean amplitude at Pz predicted ML
at post-test (B = - 0.74, R2 = 0.55, F(1,9) = 10.79, p = 0.009 and B = - 0.69, R2 = 0.47,
F(1,8) = 7.16, p = 0.028 respectively) suggesting that the late negativity slow wave may
be associated with the ability to overcome proactive interference and learn the new
rotation at post-test.
3.8.4 Regression Analysis: Post-test EI and Pre-Post Difference in EI,
Predicted by cognitive change
3.8.4.1 Post-test EI & cognitive change
No cognitive variables predicted EI at post-test.
3.8.4.2 Pre-Post difference in EI and cognitive change
For the EG, Flanker incongruent RT change was associated with emotion perception
accuracy measure (B = 0.76, R2 = 0.64, F(1,8) = 6.21, p = 0.034). In the CG, the change
in Flanker accuracy score was predictive of the change in emotion management (STEM)
(B = 0.76, R2 = 0.58, F(1,8) = 10.84, p = 0.011).
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3.9 Discussion
The current study examined the effect of low-moderate intensity eccentric exercise on
motor skill acquisition, susceptibility to proactive interference in motor learning, on
executive control, and on emotional intelligence abilities. Our results demonstrate that
this form of exercise helps improve motor learning and performance by enabling
participants to overcome proactive interference. It also improves emotional intelligence
capabilities. Based on our regression analyses we argue that these improvements may be
mediated by individual differences in exercise-induced improvements in executive
control abilities.
3.9.1 Cognitive and Motor Learning Measures
Past literature has documented the positive effect of exercise and physical activity on
cognitive abilities (Colcombe & Kramer, 2003; Hillman, Erickson, & Kramer, 2008;
Kramer & Erickson, 2007; Sibley & Etnier, 2003). The biggest influence of physical
activity was found on EF processes (Colcombe & Kramer, 2003), with higher activation
in the frontal and parietal regions for participants with higher level of physical activity
(Colcombe et al., 2004; Voelcker-Rehage, 2013). We also saw that dose parameters like
program duration, session duration and frequency of the intervention may not affect the
magnitude its effect on the said cognitive functions (Sanders et al., 2019).
Though many of these exercise paradigms have utilized metabolic processes like
cardiovascular exercises, there have been studies that have used other forms of exercise
like resistance training and more motor-demanding forms of exercises, like coordination
training, that require a higher level of perceptual skills and cognitive information
processing abilities. A motor-demanding training based on coordinative skills /like leg–
arm coordination tasks like crossing obstacles, balancing on ropes, etc. has been found to
facilitate and enhance brain function. In older adults, a combination of such forms of
coordinative exercises and motor fitness (action speed, reaction speed, balance) have
shown to enable brain function (predominantly in those areas related to visual–spatial
processing) and cognitive performance (Niemann, Godde & Voelcker-Rehage, 2014;
Voelcker-Rehage et al., 2010, 2011).
There is a possibility that different kinds of exercises may yield different degrees of
improvement in cognitive abilities in separate brain areas. While some studies show that
physical fitness was related to higher brain activation in prefrontal and parietal cortex
regions, others have demonstrated a lower activation in the prefrontal cortex but a higher
activation in the temporal regions. Though cardiovascular training and other types of
physical activity enhance older adults’ cognitive abilities, the mechanisms underlying this
performance change appear to vary, depending on the type of intervention (VoelckerRehage, 2013). Behaviorally too, individuals employ different learning strategies and
learn at different rates, thus making inferences on brain mechanisms and performance
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even more complex (Seidler, 2010). In our study, the eccentric exercise intervention
displayed enhanced cognitive abilities manifested as reduced susceptibility to proactive
interference in the exercise group in a motor learning task. Overall, the intervention
demonstrated a positive effect on most of the cognitive variables, the largest effect being
on Stroop conflict cost measures (with an average effect size of 47.5). This indicates that
the exercise intervention did appear to have a positive effect on the cognitive functions,
especially those related to inhibitory control (Stroop conflict cost). The ERP measures
also corroborate with the finding that EF performance may predict motor learning (ML)
in the context of proactive interference. Some of the effect sizes were relatively small,
which could be explained by a couple of factors. One being the small sample size, that
potentially resulted in our study being underpowered. Yet another reason could be the
characteristics of the sample itself, which consisted of high functioning older adults and
might have resulted in a ceiling effect. Since it has been observed that those with the
poorest level of EFs gain the most from programs that improve these abilities (Diamond,
2016), there was not much scope for large improvements in our sample. The third
explanation could be our exercise intervention, which was reasonably relaxed (lowmoderate intensity) and shorter in duration. It therefore did not result in large
cardiovascular or metabolic changes which have traditionally been associated with
improved cognitive abilities.
The regression analysis on the pre-test adaptation stage of the VMR task revealed the
involvement of memory (more specifically spatial and associative memory) throughout
this stage. What is interesting about this finding is that spatial and associative memory
may not only contribute towards early learning in a sensorimotor adaptation ask, contrary
to previous suggestions (e.g., Anguera et al., 2010; Christou et al., 2016; Rajeshkumar &
Trewartha, 2019), but in fact continue to be involved throughout the adaptation process.
In the context of our study, this might imply that the participants were continuously
engaging their spatial and associative memory resources to manipulate the direction of
their arm movements with respect to the randomly appearing targets. Thus, in addition to
the autonomous processes that comes into play during the later stages of learning, these
memory mechanisms continue to be engaged as well. This aligns with previous findings
on VMR based studies where both implicit and explicit memory processes have
demonstrated to be engaged throughout the motor learning process (Trewartha, 2014;
Taylor et al., 2014).
As our goal was to examine if any exercise induced cognitive/EF change predicted ML,
we performed a regression on the AE of the adaptation stage at transfer/post-test for both
groups (EG and CG). Of all the cognitive variables, change in the RT of Flanker’s
incongruent trials significantly predicted ML in the EG. This indicated that while spatial
associative memory is engaged during a sensorimotor/ VMR adaptation, when it comes
to handling proactive interference, a different or additional cognitive mechanism
(inhibitory EF) is harnessed to facilitate resisting the interference and improving
performance. In line with what we know about inhibitory control (IC) and working
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memory (WM), IC appeared to have worked better, thus freeing up resources for WM to
continuously update information on the changed rotation. We do not know if there has
been any structural change or neuronal proliferation, but based on the EEG findings it
appears that the EG demonstrated enhanced functionality of the EC processes. The
enhancement in inhibitory functioning is in line with findings by Yang et al. (2020)
where older adults after a Tai Chi Chuan intervention exhibited a significant
improvement in their reaction times in the incongruent flanker trials. It appears that motor
learning at pre-test and motor learning at transfer during post-test engaged different
cognitive functions. Since this was only observed in the EG and not the CG, might imply
that the intervention had enhanced EF ability in some participants that enabled them to
engage their EF faculties to resist the interference relatively better than other participants
in the EG, and that these individual differences were not evident in the CG. Another
aspect which might have facilitated the superior resistance to interference by the EG
could be attributed to exercise induced improvement in memory consolidation (Thomas
et al., 2016) which would lead the EG to be less prone to interference. However, the
current data do not provide a way to assess the impact of consolidation on post-test
performance.
To examine longitudinal changes in the neurophysiological processes associated with
motor learning in the context of proactive interference we assessed changes in the P3b
and LNSW from pre-test to post-test. Based on our review of previous studies we had
hypothesized that the P3b amplitude will be larger at post-test compared to pre-test as the
proactive interference will call for additional allocation of EF resources to help overcome
the interference.
The neurophysiological/ERP findings in fact reflected the behavioral outcome data.
While the control group demonstrated a decline in the P3b at the frontocentral electrode
sites, there was no significant change observed in the P3b of the exercise group. On
visual inspection of the ERP waveforms (Figures 2.5 B and D), we notice that while the
mean amplitude of the P3b became smaller/or less positive at Fz and Cz, and the LNSW
component became more negative for the CG. And for the EG, the mean amplitude of the
P3b becoming larger / or more positive at post-test, and that of the LNSW became less
negative (Figures 2.5 A and C). This group was able to counter the interference from the
previously learned rotation without letting it negatively affect their motor performance at
post-test.
The baseline regression analysis demonstrated a negative association between P3b and AE
at Cz and a positive association between LNSW and AE at Pz. This indicated that, more
sensory error related cognitive resources (depicted by larger P3b) were associated with
larger AEs or deviations, and less conflict processing cognitive processes (depicted by
smaller LNSW) were required in conditions with lower AEs.
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It has been suggested that the while the cerebellum is engaged during visuomotor
adaptation, after exposure to adaptation paradigms, the primary motor cortex is involved
in the retention of the newly learnt VMR (Galea et al., 2011). And interestingly, proactive
interference in motor learning has been detected to occur due to persisting neural
representations of previously learned skills in the primary motor cortex (Cothros et al.,
2006). In our study, the exercise intervention might have enhanced or supported learning
of the opposite rotation in the EG, by reducing the interference by disrupting these neural
signatures.
The posterior P3b has been observed to be evoked by feedback (in a VMR task), with its
amplitude increased by sensory error that has been induced by perturbed visual feedback.
It has also been correlated with learning rate (Palidis et al., 2018). On visually examining
the waveforms, we find that the CG exhibited a more positive P3b at Pz at post-test
(Figure 2.5F), indicating that they might be requiring more effort to complete the task at
post-test.
Studies had previously shown that fitness and exercise are related to improvement in
cognitive function (Colcombe & Kramer, 2003; Hillman et al., 2008; Kramer & Erickson,
2007), executive function ( Colcombe & Kramer, 2003; Chang et al., 2012), particularly
inhibitory control processes at the perceptual, cognitive, and motor level (Chang et al.,
2012; Ludyga et al., 2016; Hsieh et al., 2018). The underlying neural mechanisms of
these fitness-induced changes have been depicted through changes in the amplitude and
latency measures of neuroelectric components such as the P3b (Pontifex et al., 2009),
which has been associated with enhanced inhibition following exercise. It has been found
to be maximal over the centroparietal region (Polich, 2007; Shu-Shih Hsieh et al., 2018).
The ERP analysis revealed another interesting component - C2 or the Late Negativity
Slow Wave (LNSW), that was evoked between 400-800ms. This component appears to
resemble the N450, also known as “medial frontal negativity”, a stimulus-locked slow
wave and occurs at about at 400–600 ms after target presentation (Larson, et al., 2014). It
is most pronounced in the frontocentral region, but may also have a form of broadly
dispersed negativity (Van Hooff et al., 2008).
The N450 has been related to conflict processing and has been associated with the
activation of the Anterior Cingulate Cortex (ACC). A larger N450 amplitude suggests the
use of more neural resources and longer processing time during task-induced conflict
detection and ensuing behavioral changes (Shu-Shih Hsieh, et al., 2018), and is typically
seen for incongruent trials. In our study, this component displayed a rising trend in both
groups, and more so in the exercise group, indicating the possibility that the EG was
recruiting the network reflected by this component to manage the interference, thereby
not being impeded by the proactive interference to learn the opposite rotation. This
suggests that the cognitive mechanisms reflected by these components are engaged in
processing the magnitude of the errors made during the VMR task. The regression
analysis supplemented these findings. It displayed that a higher change in the mean
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amplitude of C2 was associated with larger angular errors (AEs) indicating that, more
conflict processing cognitive resources were required for trials with larger angular errors.
This was true for both groups. The finding for the LNSW is consistent with previous
research (Rösler et al., 1997) demonstrating that the amplitude of late slow negative
waves is related to task difficulty, and as the task becomes more difficult from the
subject’s perspective, they have to invest more effort to complete it.
3.9.2 EI Measures
There has been literature documenting the positive effect of exercise on emotion.
Endurance exercise akin to 90 minutes moderate intensity running has shown to increase
positive emotion promote emotion regulation (Giles et al., 2018). There has also been
documentation of the positive effects of acute exercise on cognition, mood and stress.
Acute exercise has shown to improve mood states (Reed et al., 2006; Basso & Suzuki,
2016) and decrease stress (Ebbesen et al., 1992; Basso & Suzuki, 2017). Exercise
induced reduction in anxiety and stress has also been observed among middle aged and
older adults (50-65 years) (King et al., 1993). It has been found to reduce depressive
symptoms among older adults (Huang et al., 2015). Even low to moderate volume of
exercise has been associated with a significant reduction in depression (Annesi &
Vaughn, 2011). Tai Chi has been found effective in reducing fear of falling among older
adults (Sattin et al., 2005). In general, different types of exercise programs have been
documented to have an enhancing effect on mood and emotion regulation. They have
been successfully shown to reduce negative affects including stress, anxiety and
depression. This may be attributed to physiological changes brought about by exercise
like lowering of the Sympathetic Nervous System (SNS) and Hypothalamic Pituitary
Adrenal (HPA) Axis reactivity, increase in BDNF, neurogenesis (Anderson &
Shivakumar, 2013) or activating the Dopaminergic (DA) system (which is sensitive to
exercise and has been implicated in fear extinction) (Mika et al., 2015). It could also be
due to psychological mechanisms like improved self-efficacy developed through positive
feedback of increased endurance and duration capabilities, etc. (Anderson & Shivakumar,
2013). In our study, the effect of the exercise intervention was largest for the domains of
emotion perception (EP) accuracy (0.60), EP RT (0.67), and STEM-F (0.62). STEM-A,
STEM-S and STEM-Total also exhibited a positive effect. As stated in the previous
studies, this could be attribute to neurogenesis, activating the Dopaminergic (DA) system
and/or activation of different brain regions like the prefrontal cortex. While the above
studies emphasize the positive effect of different forms of exercise on emotion and mood,
there is not much literature pertaining to investigating the effect of eccentric exercise on
the various components of emotional intelligence: perception, understanding and
management of emotions in older adults.
When it comes to interdependencies between EI and EF, our findings corroborated
previous work in this area. Baseline regression revealed the Stroop task (incongruent
mean accuracy and RT) to be predictive of emotion perception accuracy and RT
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respectively. Furthermore, regression of pre-post differences also demonstrated the link
between EF and EI. In the EG, a change in the incongruent RT of the Flanker task
predicted the change in emotion perception accuracy, while in the CG, the change on the
accuracy score of the Flanker task was predictive of the change in emotion management
(STEM). We have seen earlier, that EI comprises of strategic areas that depend on
cognitive abilities like attention and executive control to understand emotions accurately
and regulate them appropriately (Etkin et al., 2011; Hurtado, et al., 2016; Mayer and
Salovey, 1997; Hurtado, et al., 2016). In our study, we found that emotion perception
accuracy (categorized under the experiential area) was associated with EF measures.
This is not surprising, as the ability to decode and accurately perceive emotions is tied to
working memory (Channon et.al., 2008), frontal lobe brain structures and functions. EF
and emotion perception appear to share the same frontal, limbic and temporal brain
regions (Langenecker et al., 2005). In fact, this one area that has been found to
deteriorate with age where older adults have been found to be less accurate in identifying
some emotions like sadness, anger, and sadness (Circelli et.al., 2013). Given the positive
effect of exercise on brain functionality, especially the prefrontal cortex and EF abilities,
one may hypothesize that emotion perception abilities could also be improved through
these interventions.
In addition to the above, we also found that, for the EG alone, a change in EI (emotion
perception accuracy) was predictive of ML at post-test There have been myriad of studies
linking emotion and emotion regulation to enhanced motor learning, control, performance
(Beatty et. al., 2014; Masterson, 2015; Coombes et. al., 2005) and even muscle afferent
firing (Ackerly et.al., 2017). An ever-increasing database points in this field points
influence of emotion on the way people move or make movements by directly
influencing reaction speeds, movement rate, accuracy of movements and/ or extent of
force production (Beatty et. al., 2014). Examples of where this might come into play in
our task, could be the point where the participant starts reaching towards the target as
soon as it appears, or when they overcome the rotation to move towards the target. There
appear to be common brain regions (like the dorsomedial prefrontal cortex and left
ventral premotor cortex) and neurological mechanisms underlying both emotional
processes, movement planning and execution of action (Masterson, 2015; Beatty et. al.,
2013; Mogenson et al., 1980; Coombes et al., 2012). There is a possibility that our
intervention could have enhanced the neurological pathways and brain functions common
to both motor learning and emotional intelligence, both of which are also tied to EF
capabilities.
Our study paves way for future enquiry into this domain, to better understand the intricate
relation between forms of exercise, brain region activation and emotional intelligence.
The positive effect of exercise on brain functionality is indisputable. But does this
positive effect translate to improvement in skills that are dependent on the involved brain
mechanisms? Our research provided us with some answers in this regard, while also
raising a few other questions in the process. Overall, we found that the eccentric exercise
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intervention did result an observable improvement in the ability to handle proactive
interference in motor learning, a higher STEM-F score implying an improved ability to
manage fear-based emotions and a positive change in the ability to accurately identify
emotions in a timely manner. But there were also areas, like emotional understanding or
EF abilities, where these improvements did not show a significant enhancement, even
though they had displayed a trend in the desired direction. Further exploration in this
direction could fill the gaps. One idea would be to utilize brain imaging techniques to
study post exercise activation of specific brain regions and emotional intelligence tasks,
or study underlying brain mechanisms related to proactive interference in motor learning
and development of a relevant measures. Investigating the relation between emotion
management of fear, proactive inference and associated brain mechanisms is also another
potential area for research.
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CHAPTER 4

OPTIMIZING MOTOR LEARNING IN AGING: INTRINSIC MOTIVATION,
AUTONOMY SUPPORT & EXTERNAL FOCUS OF ATTENTION
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4.1 Introduction
Multiple cognitive mechanisms are involved in motor skill acquisition and include
explicit and implicit working memory resources (Trewartha, 2014; Taylor et al., 2014),
decision-making, performance monitoring, and associative memory processes (Anguera
et al., 2009; Taylor and Ivry 2011; Trewartha et al. 2014; Rajeshkumar & Trewartha,
2019). Aging has been associated with a decline in most of these cognitive abilities. It is
also associated with a reduced ability to acquire new motor skills (Seidler 2007), with
factors like the explicit memory system and sensory attenuation contributing to this agerelated decline in motor adaptation (Wolpe et al., 2018). Effective motor performance is
vital for surviving and successful living, with skilled movement being critical in many
activities (Wulf & Lewthwaite, 2016). Given the ever-growing population of older adults,
it has become imperative to develop interventions that will assist them to live
independent lives for as long as possible. Study 1 provided preliminary evidence that
exercise interventions may improve motor learning and skill acquisition in older adults,
by improving their executive function abilities. It is important to emphasize that this is
true even for very high functioning older adults. The emphasis of study 2 is to examine a
relatively short-term intervention adopted from the sport psychology field that involves
manipulating motivational factors and attentional focus to improve motor performance.
This intervention has been shown to improve motor learning among younger adults but
has not yet been tested in older populations and not in tasks such as visuomotor rotation.
We will also investigate if this intervention can help reduce susceptibility to proactive
interference.
Different approaches have been employed to improve motor learning and the process of
skill acquisition, with much focus around practice conditions and their effect on learning
and performance. But these have not significantly addressed motivational and attentional
factors that can improve learning, like conditions that enhance expectancies for future
performance, variables that influence learners’ autonomy, and an external focus of
attention on the intended movement goal. In the motor learning literature, socialcognitive-affective processes like the above have been used to produce improvements in
motor learning and performance, but the efficacy of these interventions in older adults
has not been tested. In our second study, we cover this ground and will be examining the
role of these social-cognitive-affective processes in enhancing motor learning and
performance among older adults. There is abundance of literature on the influential role
of social-cognitive-affective processes in enhancing learning and performance (Stevens,
Anderson, O'Dwyer, & Williams, 2012; Wulf, Chiviacowsy, & Cardozo, 2014; Pascua,
Wulf, & Lewthwaite, 2015; Wulf & Lewthwaite, 2016). Enhanced expectancies
developed through successful practice sessions increases the participant’s self-efficacy
and self-confidence (Wulf & Lewthwaite, 2016). There is evidence that self-efficacy that
stems from experiencing success during practice sessions is indicative of performance in
subsequent motor learning tasks (Stevens, Anderson, O'Dwyer, & Williams, 2012; Wulf,
Chiviacowsy, & Cardozo, 2014; Pascua, Wulf, & Lewthwaite, 2015; Wulf &
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Lewthwaite, 2016). There has also been support for the need for autonomy/sense of
control and performance. It has been demonstrated that learning is enhanced when
learners are given control of some aspect of the task. It could be having control over the
use of a physical assistance device on balance tasks, or as simple as having a choice in
the selection of the stimulus (Wulf & Lewthwaite, 2016; Chiviacowsky et al., 2012; Wulf
& Toole, 1999). In all these studies, when learners experienced control, however small,
over any aspect of the learning experience, they displayed superior performance. This can
be attributed to multiple factors including a deeper processing of pertinent information
related to the task at hand, that may be due to a higher involvement by the learner in the
learning process (Wulf & Lewthwaite, 2016). It may also be due to higher selfregulations strategies, better error estimation, or a higher level of motivating generated by
providing a degree of control /choice to the learner in the practice conditions. External
focus of attention, the third aspect of the social-cognitive affective process involves
directing he learner’s attention to the intended movement goal (external focus) instead of
on herself or himself (internal focus), thereby optimizing learning. It essentially speeds
up the learning process (Wulf & Lewthwaite, 2016). But the efficacy of these
interventions in older adults has not been investigated. In our second study, we examined
the efficacy of these social-cognitive-affective instructional techniques for enhancing
motor learning and performance among both younger and older adults in a visuomotor
rotation task. According to the OPTIMAL (Optimizing Performance Through Intrinsic
Motivation and Attention to Learning) theory of motor learning (Wulf and Lewthwaite,
2016), the aforementioned motivational and attentional factors lead to improved
performance and learning by “strengthening the coupling of goals to actions”. Any factor
that provides the learner with a sense of control and self-efficacy, leads to the synching of
motivational, cognitive (attention, perception), physiological and neuromuscular factors
to form effective neural connections, (‘goal-action coupling’) leading to effective
learning and performance. The theory proposes that three factors: enhanced expectancies
(EE) for positive experience or outcomes, autonomy support (AS) and external focus
(EF) of attention are key to the facilitation of motor learning and performance.
Figure 4.1. (Wulf & Lewthwaite, 2016) helps elucidate this point. Motivational and
Attentional techniques lead to goal directed behavior by increasing focus on task and
reducing the focus on self, thereby creating a virtuous cycle of motor learning and
performance (Wulf & Lewthwaite, 2016). The authors argue that enhanced expectancy
and learner autonomy may activate the dopaminergic system in response to the
anticipation of a positive and successful experience, while external focus of attention may
contribute towards more efficient functioning of brain networks, thus leading to improved
performance. The theory takes into account the interconnected effect of motor, cognitive,
affective, and sociocultural factors on learning and performance. The notion that one’s
mindset can influence performance is not new and has been studied in different contexts,
including choking under pressure (Beilock, 2010), and performance when in a state of
flow, which leads to a positive experience and superior output (Csikszentmihalyi, 1990).
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Figure 4.1. OPTIMAL theory - Conditions enhance learners’ expectancies, provide
autonomy support, and promote an external focus of attention result in a virtuous cycle
of enhanced motor learning
Reprinted by permission from Springer Nature: Springer. Psychonomic Bulletin &
Review. Optimizing performance through intrinsic motivation and attention for
learning: The OPTIMAL theory of motor learning, Gabriele Wulf et al, 2016.
From https://link.springer.com/article/10.3758/s13423-015-0999-9

4.2 Enhanced Expectancies (EE)
Enhancing one’s expectancies about their forthcoming performance in a skill acquisition
task, either by generating positive experiences, expectations and/or outcomes, has shown
to improve their performance. Past accomplishments and positive expectations about
outcomes, contribute towards generating a sense of self-efficacy (Bandura, 1977) and
confidence, which in turn has shown to predict motor performance (Feltz et al., 2008;
Rosenqvist & Skans, 2015; Lewthwaite & Wulf, 2017) and learning (Pascua et al., 2015;
Steven et al., 2012). There are different ways to influence a performer’s perception about
their performance, and thereby their confidence. Some of these include providing a
superior performance feedback to the participant (Hutchinson et al., 2008; Lewthwaite &
Wulf, 2010), providing evidence of their superior performance (Clark & Ste-Marie,2007)
making the task look easy (Trempe et al., 2012; Chiviacowsky et al., 2012), altering
mindset or priming (Wulf et al., 2012), visual illusions (Witt et al., 2012; Chauvel et.al.,
2015), and positive effect.
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4.3 Autonomy Support (AS)
Autonomy when learning is an important factor that contributes to enhanced skill
learning (Lemos et al., 2017; Wulf & Lewthwaite, 2016,). The element of choice when
built in training, has shown to improve learning by improving the motivation to learn.
According to Deci and Ryan (2008) this would be termed as “Autonomous motivation”
where the individual experiences volition (“self-endorsement of their action”) and sees
value in performing the given activity. Watkins (1984) found that factors such as
providing opportunities for independent thinking and giving a choice to students in
deciding their learning methodology, encouraged deeper information processing and
positively influencing a student’s learning. Other studies have also shown that supporting
learner’s autonomy improves skill acquisition. Chen and Singer (1992) found that both,
self-regulation and cognitive strategies are essential for learning and performance. The
effect of providing autonomy in learning seems to be robust, irrespective of which factor
the learner is given control (choice) over. Various explanations have been given for this
effect. One, as we have seen, is that of deeper information processing (Watson, 1984;
McCombs, 1989; Chen and Singer, 1992) which results from achieving a sense of “selfcontrol” and thus getting more involved with the task. The other effect is from using
autonomy-supportive language that benefits learning (Chiviacowsky and Wulf, 2005;
Wulf & Lewthwaite, 2016).

4.4 External Focus of Attention (EF)
According to the action-effect principle (Prinz, 1997; Lawrence et al., 2011), if actions
are planned and controlled in relation to/with a focus on, the outcome, then focus on
movement effects enhances performance by improving motor programming (Wulf et al.,
1998). Based on the action-effect principle and research on attentional focus, Wulf (2001)
proposed the constrained action hypothesis, according to which if a performer focuses on
their movements, it disrupts the organization of motor programming and impedes their
learning and performance. On the other hand, an external focus of attention enhances the
efficiency of motor programming (Lawrence et al., 2011). In her review of studies
conducted over the past 15 years, Wulf (2012) demonstrates that attentional focus has
been proven to improve movement effectiveness as well as efficiency and benefit motor
learning. Adopting an external focus on the intended movement effect (e.g., on the goal
of the given movement) relative to an internal focus on body movements promotes
learning. It has shown to enhance movement effectiveness in balance (Wulf et al., 1998)
and accuracy (Wulf et al., 2007, Bell and Hardy, 2009) related tasks and improve
movement efficiency in terms of muscular activity (Vance, 2004; Merchant et al., 2008),
maximum force production (Wulf et al., 2010) and speed and endurance (Fasoli et al.,
2002; Chen et al., 2003). Aside from more efficient and effective muscle coordination,
attentional focus induced through instruction has also shown to improve motor
movements on a large scale by allowing for more freedom of movements. External Focus
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resulted in ‘freeing’ of the body’s degree of freedom as opposed to ‘freezing’ of the
body’s degrees of freedom that seemed to be brought about by internal focus of attention.
Other studies (Poolton et. al, 2006; Maxwell and Masters, 2002; McNevin et al., 2003)
have also exhibited the efficacy of external focus in motor skill acquisition with Emanuel
et al. (2008) demonstrating its effectives under conditions of secondary task loading,
Laufer et al. (2006) in rehabilitation training and Abdollahipour et al. (2019) elucidating
its advantage among individuals with major visual impairment, where the participants
trained with external focus performed better in both, the discrete as well as the
locomotion-based continuous motor tasks given to them in spite of being visually
impaired.

4.5 Mechanisms
All three motivational and attentional factors appear to optimize skill acquisition by
influencing learning, memory, and brain’s functional connectivity. One theory is that
these motivational effects generate a dopaminergic response which in turn strengthens
memory and learning (Wise, 2004; Gruber et al., 2016; Lewthwaite & Wulf, 2017), and
as we have seen in study 1, and as demonstrated in other studies, memory plays an
important role in motor learning (Anguera et al., 2009; Taylor and Ivry 2011; Trewartha
et al. 2014; Rajeshkumar & Trewartha, 2019). Rewards and expectancies can enhance
attention to task-relevant cues, while also aiding in inhibiting irrelevant ones (Themanson
and Rosen, 2015; Shomstein and Johnson, 2013). Autonomy-supportive conditions
generated by using autonomy-supportive language (Hooyman et al., 2014) and/ or
providing a choice has been found to create a sense of agency / control that facilitates
superior learning and performance through improved processing of task related errors and
higher self-regulatory responses. Legault and Inzlicht (2013) attribute the higher level of
self-regulation to enhanced neuroaffective responses to self-regulatory failure which
results in improving performance. Overall, an AS condition promotes perceived selfefficacy and intrinsic motivation, which in turn leads to performance enhancement.
External focus of attention, as we have seen has been observed to improve movement
effectiveness and efficiency by helping direct attention to the task goal instead of
focusing on oneself and one’s body movements, which disrupt effective learning and
performance. In neurophysiological terms, external focus modulates the activity of
inhibitory circuits within the primary motor cortex (M1), and this increased inhibition is
associated with improved motor function (Kuhn et al., 2017). Additionally, the positive
affect generated due to the EF mediated improved performance results in the secondary
benefit of enhanced expectancies about performance which again, is a contributor of
better skill acquisition.
Studies have demonstrated that various combinations of any 2 of these aforementioned
variables result in an even better learning as compared to the presence of only 1 variable,
or none. (Wulf & Lewthwaite, 2016). Wulf and colleagues have taken this a step further
and displayed that when all 3 factors are combined, it results in a more enhanced learning
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and leads to immediate performance benefits in a novel motor task. They also showed
that implementing these consecutively leads to incremental performance growth (Chua et
al., 2018).
The applications of the OPTIMAL theory of learning range from improving motor skills
in children and novice performers to athletes and even in the context of clinical
rehabilitation. But, to date, this has been tested only in healthy younger adults and it is
unknown whether these effects are generalizable to other age groups or clinical
populations. To address this gap in the literature, we conducted an examination into the
effectiveness of these motivational and attentional factors as facilitators of learning and
performance among older adults, a group that is known to exhibit impairments in motor
learning and declines in acquiring new motor skills (Howard & Howard, 1997; Seidler,
2006). Given that the exercise intervention employed in Study 1 reduced susceptibility to
proactive interference in motor learning, we aimed to investigate if the motivational and
attentional techniques in Study 2 would have similar benefits. As part of this exploration,
we examined various cognitive domains that have been found to be involved with motor
learning - implicit and explicit memory processes, executive functions including
inhibition, cognitive flexibility and working memory updating to ascertain their
contribution and/or association with the ability to reduce proactive interference. We also
investigated if achievement motivation and emotional intelligence (EI) abilities (emotion
regulation, emotion management and emotional understanding), played a role in
enhancing skill acquisition and reduced susceptibility to proactive interference.
We predicted that when used in combination, EE, AS and EF as instructional
motivational techniques would lead to improved learning and performance in both the
age groups (young and old). We also hypothesized that, irrespective of age, the
experimental group participants would learn a visuomotor rotation task (VMR) better
than their control group counterparts and that the comparative level of improvement
displayed by the older adults in the experimental group will be equivalent to that of the
younger adult experimental group. It was also anticipated that the experimental groups
would also be less susceptible to proactive interference.

4.6 Method
4.6.1 Participants
In this study we recruited a total of 69 participants with 30 older adults (60-80 years of
age) and 39 young adults (18-25 years of age). The older adults were recruited from the
greater Houghton area by contacting individuals from our existing database via email and
phone calls, and if required, through posters/flyers. Participants in the young adult group
were recruited from the undergraduate student population at Michigan Tech through the
Department of Cognitive and Learning Sciences SONA psychology subject pool system.
All participants were only included if they were right-handed and did not have any
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medical condition that affects their movement and cognitive functioning. Participation in
this research was strictly voluntary. All of them read and signed an informed consent
form and were informed that they were free to withdraw from the study at any time
without penalty. As part of the screening process, we also administered the health
questionnaire to all participants wherein we asked them to provide all health-related
information.
4.6.2 Motor Learning Task
The motor learning task was a visuomotor rotation (VMR) task implemented on a robotic
device for assessing upper limb movements (KINARM, B-Kin Technologies, Kingston,
ON, Canada) (Figures 2.2 A and B). With their dominant hand, participants grasped a
handle to move a cursor toward one of four targets displayed on the screen from a start
position in the center of the screen. The target location was randomized from trial to trial
in sets of four trials across the experiment such that every four-trial set included one
movement to each target. The participants were instructed to “make a reaching movement
to the target as and when it appeared”. They were also told that the reaction time was not
important and so could start moving towards the target as and when they were ready to do
so. But once they started their movement, they were to continue moving at a consistent
pace. The VMR task for this study comprised of 3 blocks (Figure 4.2): Block 1 was the
familiarization stage (consisting of 24 trials), where the cursor followed the participant’s
hand position to the target. This was followed by Block 2, the learning phase, comprising
of the adaptation stage (100 trials) and the wash-out or aftereffects stage (24 trials). In the
adaptation stage of this phase, a visuomotor rotation was applied without warning, where
the cursor movement was rotated by a 45-degree angle in a clockwise or
counterclockwise direction about the start position relative to the position of the
participant’s hand. The participant must then adapt by moving their cursor in a straight
line at a 45-degree angle in the opposite direction to guide the cursor to the target. In the
wash-out or aftereffects stage, the rotation was removed again to assess after-effects.
Block 3, the transfer phase consisted of the adaptation and aftereffects stage like the
previous block, with the only difference being, that in the adaptation stage of this block,
the participants experienced an opposite rotation to what they had experienced in Block 2
and had to adapt accordingly. For every trial, after the target was reached the cursor
feedback was turned off and participants were instructed to move their hand back towards
the midline of their body at the bottom of the screen. Any rotation that was applied was
then turned off and the cursor turned back on so that participants could move the cursor
back to the start position to begin the next trial. The dependent measure was the angular
error in degrees of the initial heading direction of the participant’s hand for each trial.
The dependent variable/measure was the angular error (AE) in degrees of the initial
heading direction (initial heading angle) of the participant’s hand for each trial. The
initial heading angle was calculated as the angle between the cursor and the start position
when the movement trajectory crossed a distance threshold at the 3 cm radius from the
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starting position. During the rotation trials, participants corrected for the angular error by
adjusting their heading angle in the opposite direction of the rotation. For example, the
optimal compensation for the applied rotation was a 45° heading angle if the rotation was
-45°. The angular error was then calculated as the difference between the initial heading
angle and the optimal heading angle given the rotation that was applied (i.e., either
0°,45°, or -45°). That is, if the participant was moving at a 45° heading angle in a
direction opposite to that of the applied rotation (-45°), s/he would have zero angular
error. The heading angle and angular errors were all averaged in bins of 4 consecutive
trials (i.e., one trial to each target location) for analysis. Proactive interference was
calculated as a ‘resistance to interference score’ that was obtained by subtracting the
learning score of the baseline VMR task (calculated as the difference in the angular error
between the first and last bin of the adaptation phase) from the learning score of the post
intervention VMR task. A higher resistance to interference score implied better motor
learning related to an ability to suppress interference from prior learning.
4.6.3 Cognitive, Motivation, & Emotional Intelligence (EI) Measures
The goal of the cognitive tasks is to measure individual differences in executive function,
implicit learning, and explicit memory to examine the cognitive mechanisms potentially
underlying the ability to learn the visuomotor rotation and to handle proactive
interference. These tasks were implemented using the Psychology Experiment Building
Language (PEBL: Mueller and Piper, 2014). To understand the relation of the ‘ability to
handle proactive interference’ with the underlying cognitive mechanism/s, we measured
various facets of memory and executive function: explicit memory using Corsi block
span tasks, implicit learning through pursuit rotor task, executive function through
Flanker (to measure inhibitory ability) and Berg’s card sorting test (for measuring
cognitive flexibility). Emotional intelligence (EI), specifically emotion management, and
motivation variables will be measured using relevant standardized psychometric
instruments to ascertain their role in skill acquisition and performance in response to
motivational instructions. These include the Emotion regulation technique (ERQ: John et
al., 2008), emotion management ability (STEM-B: Allen et al., 2015), achievement
motivation (Cassidy and Lynn, 1989) and perceived stress (PSS-10; Roberti et al., 2011)
questionnaires.
4.6.4 Procedure
The experiment was designed as a mixed factorial study with two between-participants
factors (age group - old vs. young, and group – control vs. experimental) and a withinsubject factors (phase – learning vs. transfer). The two groups of 30 older and 39 younger
adults were randomly subdivided into experimental and control groups with 15
participants in each group in the OA group and 20 and 19 in the young adult’s EG and
CG respectively. The participants first answered the motivation and emotional
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intelligence questionnaires, followed by Block 1: familiarization stage of the visuomotor
rotation (VMR) task. They were then administered the cognitive tests, post which they
proceeded to Block 2, the learning phase (adaptation stage + aftereffects stage), of the
VMR task. At this stage, participants in the experimental groups received instructions
that were a combination of the motivational and attentional paradigms (EE-AS-EF)
before starting the adaptation stage, while the control group received standard
instructions (Figure 4.3). After completing the adaptation and aftereffects stages of this
block (Block 2), participants completed the demographic health questionnaire before
proceeding to the final block: Block 3, the transfer phase (Figure 4.2). Being an
explorative study, at the end of the task, participants were asked questions on their
experience to elicit their thoughts and feelings about the various steps involved in the
intervention (appendix).

Figure 4.2. Experiment Procedure
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Figure 4.3. Instructions given to the experimental
and control group participants.

4.7 Data Processing
Statistical analyses of these data included ANOVA approaches and Pearson Correlation,
as described in the results section. We scrutinized the descriptive measures of central
tendency to verify if there was a major difference between the mean and median as that
might indicate outlier. We also looked at kurtosis, skewness and carried out the Shapiro–
Wilk test of normality. To rule out, or account for preexisting significant or systematic
differences, we conducted a One-Way ANOVA of all the cognitive and EI measures
between the two groups.
Motor learning data: The motor learning data were processed in the same way as study
1, as described in section 3.5.2.

4.8 Results
4.8.1 Cognitive and EI Between Group Differences
We conducted two One-Way ANOVA analyses of the cognitive, EI and personality
measures to examine if any of the subgroups were significantly different from each other
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on any of the CV, EI or personality measures. The first ANOVA compared the means of
all the said variables for all four groups (YA-EG, YA-CG, OA-EG, and OA-CG), while
the second ANOVA compared the means between the two age groups (OA and YA). For
the larger ANOVA, Tukey HSD post hoc tests were performed. Those variables for
which the assumption of homogeneity of variance was not met, the Games-Howell post
hoc values (for the ANOVA with 4 groups) and the Welch results (for the ANOVA with
2 groups) were taken into consideration. The means and standard deviations of all the
measures for the various groups are displayed in tables 4.1 and 4.2. The YAs displayed
higher scores in some of the cognitive measures like CORSI (F(1,66.64) = 18.38, p = 0)),
Flanker incongruent reaction time (F(1,67) = 61.46, p = 0)), the EI measure of ERQ-S
(emotion regulation by suppression) (F(1, 67) = 5.99, p = 0.017)) and the personality
dimension of Neuroticism (F(1,67) = 8.6, p = 0.005)). The older adults had higher scores
in the personality variables of Agreeableness (F(1, 67) = 18.94, p = 0)),
Conscientiousness (F(1, 67) = 6.73, p = 0.012)), and Openness (F(1, 67) = 8.78, p =
0.004)) . These group differences did not influence the impact of the intervention on
motor learning.
Table 4.1. Means & Standard Deviations: Cognitive and EI Measures of
YA-EG, YA-CG, OA-EG, and OA-CG
Measures
Cognition
BCST perseverative errors
CORSI Memory Span
Flanker Mean Accuracy
Flanker Incongruent
Reaction Time
Flanker Conflict Cost
Pursuit Rotor Learning
Score

YA-EG
(n=20)
11.34 (7.15)
5.80 (0.71)
0.94 (0.11)
452.66
(44.78)
46.60 (22.62)
294.25
(859.22)

Mean (SD)
YA-CG
OA-EG
(n=19)
(n=15)
12.25 (5.13)
14.58 (13.54)
5.47 (1.07)
4.90 (0.74)
0.91 (0.23)
0.92 (0.15)
473.76
598.15
(99.27)
(70.90)
47.80(18.32)
61.63 (38.06)
1033.61
820.47
(1128.15)
(1257.65)

OA-CG
(n=15)
12.53 (11.61)
4.67 (0.77)
0.97 (0.04)
597.36
(57.19)
52.89 (31.50)
1397.60
(872.64)

Emotional Intelligence
Achievement Motivation
Emotion Regulation by
Reappraisal
Emotion Regulation by
Suppression
Perceived Stress
Emotion Management
(STEM)
Emotional Understanding
(STEU)

36.40 (4.72)
30.05 (7.59)

33.68 (4.95)
29.79 (5.67

34.00 (4.24)
31.73 (5.96)

35.53 (3.83)
30.13 (7.96)

15.15 (4.76)

17.16 (5.84)

13.07 (4.88)

13.07 (5.08)

18.50 (2.95)
10.84 (1.95)

20.21 (3.34)
11.50 (1.87)

18.47 (3.54)
11.54 (1.88)

18.60 (2.85)
11.91 (1.89)

12.25 (2.17)

12.74 (1.97)

11.87 (1.51)

12.53 (1.85)
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Personality
Extraversion (E)
Agreeableness (A)
Conscientiousness (C)
Neuroticism (N)
Openness (O)

3.33 (0.64)
3.72 (0.60)
3.73 (0.62)
2.90 (0.67)
3.59 (0.59)

3.38 (0.97)
3.90 (0.60)
3.54 (0.62)
2.94 (0.86)
3.60 (0.53)

3.53 (0.67)
4.34 (0.41)
3.95 (0.47)
2.54 (0.48)
3.88 (0.49)

3.66 (0.84)
4.39 (0.43)
4.06 (0.61)
2.27 (0.80)
4.11 (0.63)

Table 4.2. Means & Standard Deviations: Cognitive and EI Measures of YA & OA
Measures
Cognition
BCST perseverative errors
CORSI Memory Span
Flanker Mean Accuracy
Flanker Incongruent Reaction Time
Flanker Conflict Cost (IC-C)
Pursuit Rotor Learning Score

Mean (SD)
YA (n=39)

OA (n=30)

11.79 (6.19)
5.64 (0.91)
0.92 (0.18)
462.94 (76.06)
47.18 (20.38)
654.45 (1054.59)

13.56 (12.44)
4.78 (0.75)
0.94 (0.11)
597.75 (63.29)
57.26 (34.61)
1109.03 (1103.33)

35.08 (4.96)
29.92(6.64)
16.13(5.34)
19.33 (3.22)
11.16 (1.92)
12.49 (2.06)

34.77 (4.05)
30.93 (6.96)
13.07 (4.89)
18.53 (3.16)
11.72 (1.86)
12.20 (1.69)

3.36 (0.81)
3.81 (0.60)
3.63 (0.62)
2.92 (0.76)
3.59 (0.55)

3.59 (0.75)
4.37 (0.41)
4.00 (0.54)
2.41 (0.66)
3.99 (0.57)

Emotional Intelligence
Achievement Motivation
Emotion Regulation by Reappraisal
Emotion Regulation by Suppression
Perceived Stress
Emotion Management (STEM)
Emotional Understanding (STEU)
Personality
Extraversion (E)
Agreeableness (A)
Conscientiousness (C)
Neuroticism (N)
Openness (O)

4.8.2 Impact of OPTIMAL intervention on ML
Adaptation: We performed a phase (learning vs. transfer) by bins (25) repeated
measures ANOVA with group and age as between groups factors to assess the impact of
the OPTIMAL intervention on ML. The ANOVA exhibited a main effect of phase
(F(1,60 )= 51.87, p = 0, n=0.46) and bins (F(30,1800) = 320.55, p = 0, ηp2 = 0.84) and a
phase by group by age interaction (F(1,60) = 5.39, p = 0.024 ηp2 = 0.08). For the
60

interaction, Bonferroni adjusted pairwise comparisons showed that in the younger adults,
the participants in the experimental group (EG) performed worse in the learning phase,
with a significantly higher angular error (AE) than those in the control group (CG) (Mdiff=
6.08, p = 0.005). In the older adult group, there was no difference in AE between the CG
and EG groups in the learning phase (p > 0.5). There was also no significant difference in
AE between the EG and CG during the transfer test for either younger or older adults (p >
0.5). Additionally, when comparing learning to the transfer test, the AE was significantly
larger during transfer (indicating interference) in the younger adult CG (p < 0.0005), in
the older adult CG (p < 0.01), and the older adult EG (p < 0.0005), but in the younger
adult EG this comparison is only marginally significant (p = 0.058) (Figure 4.4). Thus,
the interference effect in the older adults was largest for the EG but in the younger adults
the interference was largest in the CG. Interestingly, a marginally significant difference
was also observed in the learning phase between the older and younger adults’ in the EG,
with older adults exhibiting a smaller AE compared to the younger adults (Mdiff = 4.06, p
= 0.06). This suggests that older adults performed better during initial learning than
younger adults with the experimental manipulation.
After-Effects: A phase (learning and transfer) by bins (6) repeated measures ANOVA
with group and age as between groups factors exhibited a main effect of phase (F (1,60)
= 23.82, p = 0.00, ηp2 = 0.28) and bins (F(5,300) = 17.34, p = 0.00, ηp2 = 0.22) and a
phase by group by age interaction (F(1,60) = 4.17, p = 0.045 ηp2 = 0.07). For the
interaction, Bonferroni adjusted pairwise comparisons showed that the after-effects were
larger during learning phase in the older adult EG group compared to the that of the
younger adult EG group (p = 0.008), indicating that they had a better memory of their
initial learning, leading to larger after-effects, compared to their younger counterparts.
Within older adults, there was a significant difference in the aftereffects between learning
and transfer in the EG (p = 0.001), but not in the CG (p > 0.18). While in the younger
adult group, there was a significant difference in the aftereffects between learning and
transfer in the CG (p = 0.002) and not in the EG (p > 0.13)
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Figure 4.4. Learning & Transfer Phases of All Groups

Figure 4.5. Learning Phase - OA and YA Experimental Groups
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4.8.3 Correlation
We conducted a correlation analysis to examine the cognitive, emotional intelligence (EI)
and motivational factors associated with learning and the susceptibility to interference.
Table 4.3 displays the correlation of Interference and Learn Adapt measures with the
cognitive & EI variables. Table 4.4 displays the correlation of Learn After and Trans
After with the cognitive & EI variables. The significant correlations are marked with an
asterisk.
Table 4.3 Correlation: Interference, Learn Adapt with Cognitive & EI Variables.
YAEG (N=20)

BCST
Perseverati
ve Errors
CORSI
Memory
Span
Flanker
Mean
Accuracy
Flanker
Incongruen
t Response
Time (ms)
Flanker
Conflict
Cost (IC-C)
Pursuit
Rotor
Learning
Score
Achieveme
nt
Motivation
ERQ
Reappraisal

YACG (N=19)

OAEG (N=15)

OACG (N=15)

Interfer
ence

Learn
Adapt

Interfer
ence

Learn
Adapt

Interfer
ence

Learn
Adapt

Interfer
ence

Learn
Adapt

Pearson
Correlation

-0.104

-0.162

0.026

-0.240

-0.473

0.350

0.192

-0.018

Sig.
(2-tailed)

0.662

0.495

0.916

0.322

0.075

0.200

0.494

0.950

Pearson
Correlation

.475*

0.398

0.062

0.181

0.111

-0.227

0.338

-0.164

Sig.
(2-tailed)

0.034

0.082

0.801

0.458

0.694

0.415

0.218

0.560

Pearson
Correlation

.449*

-0.285

-0.337

0.243

0.384

-0.256

-0.208

0.100

Sig.
(2-tailed)

0.047

0.223

0.159

0.316

0.158

0.358

0.457

0.722

Pearson
Correlation

0.024

0.010

0.436

-0.259

-0.251

0.114

0.193

-0.116

Sig.
(2-tailed)

0.919

0.966

0.062

0.284

0.367

0.687

0.491

0.680

Pearson
Correlation

-0.442

0.039

0.043

-0.100

-0.159

0.047

0.022

-0.495

Sig.
(2-tailed)

0.051

0.870

0.861

0.682

0.570

0.868

0.939

0.061

Pearson
Correlation

-0.191

0.221

0.184

0.139

0.473

-0.353

-0.033

0.049

Sig.
(2-tailed)

0.42

0.349

0.45

0.571

0.075

0.196

0.907

0.862

Pearson
Correlation

0.305

-0.235

0.101

-0.112

0.064

-0.429

-0.094

-0.328

Sig.
(2-tailed)

0.191

0.318

0.68

0.648

0.822

0.111

0.740

0.233

Pearson
Correlation

0.118

0.216

-0.162

0.385

-0.117

0.284

0.196

-0.183
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ERQ
Suppressio
n

Perceived
Stress

Emotion
Manageme
nt (STEM)

Emotional
Understand
ing (STEU)

Sig.
(2-tailed)

0.619

0.361

0.508

0.104

0.678

0.304

0.484

0.514

Pearson
Correlation

0

0.417

0.01

-0.359

0.185

0.019

-0.088

-0.310

Sig.
(2-tailed)

0.999

0.067

0.968

0.131

0.509

0.946

0.756

0.260

Pearson
Correlation

0.036

-0.194

0.143

-0.004

0.380

-0.221

0.201

-0.402

Sig.
(2-tailed)

0.879

0.414

0.558

0.988

0.162

0.430

0.472

0.138

Pearson
Correlation

-0.271

0.225

0.13

0.221

-0.316

0.140

0.237

0.001

Sig.
(2-tailed)

0.247

0.341

0.596

0.363

0.251

0.619

0.395

0.997

Pearson
Correlation

-0.375

0.117

-0.152

-0.066

0.311

-0.314

0.014

0.207

Sig.
(2-tailed)

0.104

0.623

0.535

0.787

0.259

0.254

0.961

0.460

Table 4.4 Correlation: Learn After, Trans After with Cognitive & EI Variables.
YAEG (N=20)

BCST
Perseverativ
e Errors
CORSI
Memory
Span
Flanker
Mean
Accuracy
Flanker
Incongruent
Response
Time (ms)
Flanker
Conflict
Cost (IC-C)

YACG (N=19)

OAEG (N=15)

OACG (N=15)

Learn
After

Trans
After

Learn
After

Trans
After

Learn
After

Trans
After

Learn
After

Trans
After

-0.094

0.407

.649**

0.216

0.116

-0.290

-0.339

0.079

0.710

0.075

0.007

0.375

0.680

0.294

0.217

0.779

0.468

0.125

-.540*

-0.162

0.198

0.342

-0.370

0.451

Sig.
(2-tailed)

0.050

0.601

0.031

0.508

0.480

0.213

0.174

0.092

Pearson
Correlation

-.562*

-.599**

-0.003

-.521*

-.517*

0.312

0.013

0.056

Sig.
(2-tailed)

0.015

0.005

0.991

0.022

0.048

0.257

0.964

0.842

Pearson
Correlation

0.171

-0.050

0.082

.666**

0.364

-0.252

-0.470

-0.107

Sig.
(2-tailed)

0.497

0.835

0.764

0.002

0.183

0.365

0.077

0.703

.541*

0.211

-0.302

-0.363

0.051

-0.163

-0.362

0.243

0.020

0.372

0.256

0.127

0.856

0.562

0.185

0.382

Pearson
Correlation
Sig.
(2-tailed)
Pearson
Correlation

Pearson
Correlation
Sig.
(2-tailed)
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Pursuit
Rotor
Learning
Score

Pearson
Correlation
Sig.
(2-tailed)

Achievemen
t Motivation

Pearson
Correlation
Sig.
(2-tailed)

ERQ
Reappraisal

ERQ
Suppression

Perceived
Stress
Emotion
Management
(STEM)
Emotional
Understandi
ng (STEU)

0.285

0.129

-0.035

.466*

-0.225

-0.003

-0.028

-0.440

0.252

0.589

0.899

0.045

0.421

0.991

0.921

0.101

-.520*

-0.207

-0.024

-0.064

-0.301

-0.422

-0.318

-0.016

0.027

0.382

0.931

0.793

0.275

0.117

0.248

0.955

0.013

0.217

-0.012

0.191

0.025

0.233

-0.037

-.582*

0.960

0.359

0.966

0.433

0.931

0.404

0.896

0.023

-0.120

0.049

-0.056

-0.377

-0.131

0.413

-0.187

0.036

0.636

0.836

0.837

0.112

0.641

0.126

0.505

0.898

-0.103

0.026

0.184

0.131

-0.162

0.357

-0.344

0.156

0.684

0.912

0.494

0.593

0.564

0.192

0.209

0.578

0.141

0.197

0.283

-0.122

0.125

-.623*

0.202

0.005

Sig.
(2-tailed)

0.576

0.406

0.289

0.618

0.656

0.013

0.469

0.986

Pearson
Correlation

0.040

0.020

-0.158

-0.340

-0.171

0.227

0.389

0.138

Sig.
(2-tailed)

0.875

0.933

0.560

0.154

0.543

0.416

0.152

0.625

Pearson
Correlation
Sig.
(2-tailed)
Pearson
Correlation
Sig.
(2-tailed)
Pearson
Correlation
Sig.
(2-tailed)
Pearson
Correlation

4.9 Discussion
We hypothesized that when used in combination, EE, AS and EF will lead to improved
learning and performance in both age groups (young and old). Irrespective of age, the
experimental group (EG) participants would learn the visuomotor rotation task (VMR)
better than their control group (CG) counterparts, that the comparative level of
improvement displayed by older adults in the EG would be equivalent to the younger
adult EG, and overall, the experimental groups would also be less susceptible to proactive
interference. Thus, we expected to find a higher level of skill acquisition in both groups
that received the optimization (motivational instructions). But, contrary to our
expectations, we found that the experimental groups did not perform better than their
control group counterparts in the adaptation stage. In fact, among the younger adults, the
control group performed better than the experimental group in the learning phase. In the
transfer phase, we found no significant difference in angular error (AE) between the EG
and CG for either the younger or older adults. The AE was larger at transfer than at initial
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learning for all four groups indicating that each group experienced proactive interference,
although this was only marginal in the case for the YA-EG.
Although the adaptation stage did not differ between groups for the YAs or OAs, there
was some evidence that the OAs in the EG developed a stronger memory for the rotation
during adaptation in the learning phase as their after-effects were somewhat larger than
the OAs in the CG. The OAs in the EG also experienced more proactive interference
during transfer than the OAs in the CG, again providing evidence that their memory for
the perturbation during initial learning was stronger. Likewise, the aftereffects were
smaller during transfer for the OA-EG group, confirming that they were able to learn less
during transfer, likely due to proactive interference. This pattern of observations was
generally opposite in the younger adult groups. YAs in the CG performed better at initial
learning than the EG, suggesting that the intervention was not effective for YAs. The
YA-CG learned more during initial learning than the YA-EG as evidenced by larger
proactive interference at transfer, and larger after-effects during the learning phase
compared to the transfer phase (again opposite to the OA pattern). Overall, the
performance of YA-CG was similar to that of OA-EG. When comparing the OAs and
YAs in the exercise groups, the OA-EG performed marginally better than the YA-EG in
the learning phase. They also displayed a larger aftereffect than their younger EG
counterparts. These key findings provide evidence that the intervention was somewhat
successful at improving learning, or at least memory of what was learned, in the older
adults, but not in the younger adults. In fact, the intervention may have interfered with
learning in the YAs.
Multiple studies have demonstrated the positive influence of the OPTIMAL theory of
motor learning on skill acquisition, more so among younger adults. The three facets
(Enhanced Expectancies-EE, Autonomy Support-AS, and External Focus of attentionEF) either individually, or in combination have led to improvement in learning. So why
did we not see an effect here? One of our suppositions is that the choices given to the
YAs as part of the AS portion of the optimization instructions might have some of made
them more anxious (negative affect) instead of happy (positive affect) (which we deduced
based on the participants’ responses in the post task qualitative interview). The anxiety in
turn contributed to lower self-efficacy and intrinsic motivation. It might have also
facilitated internal focus of attention, where instead of focusing on the target, the
participant turns her/his attention to her/his bodily movements, which, as we have
learned, leads to lower movement efficiency and effectiveness (Wulf, 2001).
There have been studies with a similar finding as ours, where the researchers did not find
a difference in the learning and execution of a skill by using one of the OPTIMAL
techniques in younger adults (Lawrence et al., 2011; Ong & Hodges, 2018). Lawrence et
al. (2011) examined if the external focus of attention as mentioned in the OPTIMAL
theory would improve learning in a form sport (novel gymnastics routine) among novice
performers and they failed to find any support for this in their study. In a more recent
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study, Ong and colleagues evaluated the impact of success-related feedback on learning
of a balance task. They found that though positive feedback influenced competency and
arousal, it failed to impact balance outcomes. Other studies too in the past, have failed to
replicate Wulf’s findings, especially in research related to investigating novice and expert
performers (Beilock et al., 2002; Perkins et al., 2003; Ford et al., 2005). But these studies
used different conditions to manipulate attentional focus. Unlike Wulf, who used direct
verbal instructions, they indirectly manipulated attentional focus by using a distracting
task, which might have resulted in different results. These findings indicate that the
efficacy of the OPTIMAL theory might apply to only certain types of physical
movements and skills.
The relation between executive function (EF), memory, emotional intelligence (EI) and
motor learning is once again established in this study. We observed that certain executive
control, implicit learning, and emotion management variables predicted motor
performance in the various participant groups. These relationships were more prevalent in
the aftereffects stage than the adaptation stage. The only variables that were correlated
with the motor learning (ML) interference measures were the CORSI memory span,
Flanker accuracy, and Flanker conflict cost (to a marginal extent), and that too only in the
YA-EG. While higher CORSI and Flanker conflict costs scores were associated with
more interference, higher Flanker accuracy scores were correlated with lower
interference. In the aftereffects stage of the learning phase, in the YA-EG, higher Flanker
accuracy and achievement motivation were correlated with lower aftereffect, and higher
Flanker conflict cost was associated with higher aftereffects. In the YA-CG, higher BCST
perseverative errors score was associated with larger aftereffects, while CORSI memory
span exhibited a negative correlation. In the OA-EG, Flanker accuracy was negatively
correlated with the aftereffects measure. No correlation was observed in the OA-CG. In
the aftereffects stage of the transfer phase, cognitive variables continued to be associated
with degree of aftereffects in the younger adults (Flanker accuracy in YA-EG, Flanker
accuracy, Flanker incongruent response time, and Pursuit Rotor score in YA-CG). For
both groups, higher Flanker accuracy scores were associated with lower aftereffects. For
the YA-CG, a higher response time in Flanker incongruent trials was associated with
larger aftereffects and the pursuit rotor score was positively associated with aftereffects
(higher implicit learning was correlated with larger aftereffects). For the older adults, the
EI variables (emotion management-STEM and emotion regulation by reappraisal-ERR)
and not the cognitive measures, were significantly associated with their degree of
aftereffects. Higher STEM and ERR scores were associated with lower aftereffects in
OA-EG and OA-CG, respectively.
Contrary to most previous findings where adaptation to VMRs has shown to decline with
age (Etnier and Landers 1998; McNay and Willingham 1998; Fernandez-Ruiz et al. 2000;
Teulings et al. 2002; Wang et al. 2011; Bruin et al. 2016), the older adults in our study
performed as well as, if not better, than the younger adults (Figure 4.5). Irrespective of
age and manipulation, everybody experienced similar level of interference at transfer.
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Among all groups, the CG of the younger adults experienced the maximum interference,
and the least interference was experienced by the CG of the older adults. The interference
of the EG and CG of the older adults were quite similar, with OA-EG experiencing
slightly more interference than the OA-CG. There have been a few studies that, like ours,
have found no age-related adaptive deficits in older adults (Canavan et al. 1990; Roller et
al. 2002; Buch et al. 2003). It is hypothesized that various factors like the type of
instructions, cognitive status of the participants, differences in experimental paradigms
can influence skill acquisition/motor learning and performance in older adults. More
recent studies have shown that the time course of kinematic distortions also influence the
level of adaptation and aftereffects (for example, Buch et al. (2003) found that, when
exposed to gradual as opposed to sudden VMR, older adults did not significantly differ in
their performance than the younger participants).
In our study, we found that the older adult experimental group (OA-EG) had larger
aftereffects than their peers in the CG and their younger counterparts in the experimental
group, demonstrating a stronger memory of the adapted movement. This is a novel
finding and entails further examination of the intervention’s differential impact on the
two age groups. Thus, though we did not see an immediate effect of the intervention
during the learning phase, older adults in the experimental group did display an enhanced
after effect at transfer. This indicates that the older adults might have responded
differently to the instructions than the younger adults indicating a difference in the way
the two age groups respond to motivation such as used in our study. A similar difference
was also observed by Huang and colleagues (2018) in their study examining the effects of
motivational feedback on age-related decline in reaching adaptation and found that older
adults benefitted from motivational feedback during learning as well as retention and
suggest that motivational feedback can be used as a potential compensatory mechanism
to help attenuate age-related differences and foster learning. A similar finding was made
by Wulf and Chiviacowsky (2012) in their study on how altering mindset can enhance
ML in older adults. In their research, participants who were given fabricated positive
feedback indicating that their performance was better than average, or informing them
that participants such as themselves, typically do well in the given task, displayed more
effective learning than those who received veridical feedback only. The researchers
attribute this enhanced learning and performing of the experimental group to their higher
level of self-efficacy, as evidenced by their self-efficacy ratings. Studies such as this
provide evidence that psychological factors do play more than a minor role in attenuating
deficits associated with aging. Similar to Wulf and Chiviacowsky’s observations, and in
line with our preceding study, here too, we observed a relation between EI variables and
motor learning, in the OA groups. Emotion management and emotion regulation
predicted AE in the OA-EG and OA-CG respectively during the aftereffects stage of the
VMR task at transfer. Somehow, these variables mediated their memory of the
perturbation, as reflected in the size of the aftereffects. An additional contributing and
differentiating factor could also be that the older adults in our study were in general more
positive about the whole experience including the intervention and did not feel anxious
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with any of the instructions or feel boredom, like some of their younger counterparts.
OAs looked forward to the task and enjoyed it. Further studies in this area could shed
more light on the underlying neurobehavioral mechanisms of this phenomenon.
The fact that the OA-EG and YA-CG groups demonstrated a significantly larger aftereffects at learning is a strong indicator that the manipulation (rotation) has been learned
(Krakauer, 2009). Overall, motor learning/skill acquisition is more holistic than it appears
with various cognitive and EI variables being involved in the learning and performance
of a motor task. In addition, the nature/type of the skill/activity to be learned, whether the
individual in question is a novice or expert, may also mediate the effect of the training
intervention. These aspects need to be examined further. That it is not just the CV, ML or
EI variables, but the combination of EF, memory, EI abilities, motor abilities, skill level
that affect skill acquisition.
Though we did see some evidence of the ‘desired’ effect, or positive impact of the
intervention in the OA group, one reason why we might not have seen a similar effect in
the younger adults may be because of the way the instructions were framed/wordings of
the instructions. In our study, while some of the younger adults experienced anxiety in
response to the instructions, in the OA group, it did not appear to make much of a
difference, at least not initially. But it did appear to have a positive effect on their
performance during the latter half of the transfer phase, where OAs in the EG were able
to retain their learning of the opposite rotation for a much longer duration as compared to
the other groups. Future studies could include differently worded directives for better
effect and/or various kinds of instructions language for comparison: controlling language
in addition to the autonomy support language and neutral language (Hooyman et al.,
2014). Additionally, measures like self-efficacy, positive and negative affect, and
perception of choice (as a manipulation check) could be included in addition to, or
instead of, the retrospective qualitative interview that we did, to further understand the
effect of the instructions on the individual and their performance. We could also give the
optimization instructions at transfer instead of leaning and examine if this facilitates
reduced susceptibility to inference. There is also the possibility that this task is not be
right kind of for this type of intervention. Overall, there does appear to be an inherent
difference in the way the two age groups responded to the optimization and this
phenomenon could be explored further in future studies.
We anticipate that this study will help us to improve our understanding of how
motivational and attentional instructions can improve motor learning and overcome
proactive interference. It will inform towards implementation of these
interventions/techniques in various applied settings to enhance learning, performance,
therapy, and treatment (Laufer et al., 2007) by providing data on the age-related
differences and related psycho-neuro-physiological implications. We hope that the
findings from this study will provide reference for development of social-cognitiveaffective based interventions for various age groups and will have implications for
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instructional support in different settings for older adults. Knowing that motivational
techniques work better with older adults can open new pathways to augment and/or
supplement more expensive treatment and training methods to improve motor learning
and performance.

4.10 Assessment of the OPTIMAL Theory
This study brings to light the fact that the effectiveness of the OPTIMAL theory might be
mediated by various cognitive, emotional, biological, demographical factors and the type
of motor task involved. The theory might apply to only certain types of physical
movements and skills. While some tasks/activities may be more responsive to OPTIMAL
theory-based intervention, others may need a different approach. For example, it has been
observed that in tasks involving less proceduralized movements, like using a less-favored
limb to dribble a ball, having an internal focus rather an external focus of attention seems
to improve performance. It appears that sometimes, when a task is new, or complex, or
not yet automatized, an internal focus of attention, or focusing one’s attention on one’s
movements (like hand or foot placements) may help in learning the task better (Lawrence
et al., 2011, Ford et al., 2005). Thus, we may not be able to generalize the application of
the OPTIMAL theory to all types of tasks, movements and/or audience. Also, a
movement effect has to be clearly specified for the principle of external focus of attention
to work. In tasks where this the movement effect is not clear, application of the
OPTIMAL theory may not have an impact (Lawrence et al., 2011). Once the movements
become automatic, adopting an external focus of attention might be beneficial. There is
also a possibility that positive feedback and perceptions of success, though benefit selfefficacy and confidence, may not always contribute to learning (Carter et al., 2016; Ong
& Hodges, 2018). The level of task difficulty may also mediate the effect of perceived
success and positive feedback. Participants might find improving on a difficult task more
rewarding than an easy one (Ong & Hodges, 2018). More work is required in this area to
determine the types of motor learning tasks that the OPTIMAL theory will be best suited
for. This knowledge could then inform design of training strategies for different types of
skills and different audiences. The role of language and its degree of effectiveness needs
to be explored further by designing experiments and training paradigms for various types
of tasks using different instructional language modalities (autonomy support, neutral or
controlling). One other aspect is the potential effect of the element of ‘choice’ in the
autonomy support paradigm. In our study, this appeared to have differential effects on the
two age groups. Thus, the perception of choice by the participants might also be a factor
to be considered when planning task commands/directives. As there are diverse elements
implicated in the learning of a motor skill, understanding, and acknowledging their role
in the context of learning, will improve the effectiveness of such interventions.
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CHAPTER 5
GENERAL DISCUSSION
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5.1 General Discussion
Our research was a pilot project to examine the effectiveness of two very distinct forms
of interventions in enhancing motor learning/skill acquisition, specifically in older adults.
The first intervention comprised of a form of eccentric exercise that was performed over
a period of 12 weeks, while the other was a more immediate, short term intervention
involving a motivation based instructional manipulation.
The positive effect of exercise on brain functionality is indisputable. It has shown to
improve cognitive abilities like spatial working memory (Ruitenberg et al., 2018; Chen et
al., 2019), executive functions (Hillman et al., 2008; Diamond, 2013; Diamond 2016)
emotional and cognitive control (Dietrich, 2006; Giles et al., 2018), by positively
influencing brain regions like the prefrontal lobe, anterior cingulate cortex/supplementary
motor area (ACC/SMA), hippocampus (Chen et al., 2019), premotor, parietal and
occipital cortex (Langan and Seidler, 2011). But does this positive effect translate to
improvement in skills that are dependent on the involved brain mechanisms? Our
research provided us with some answers in this regard, while also raising a few other
questions in the process. Overall, we found that the eccentric exercise intervention did
result an observable improvement in the ability to handle proactive interference in motor
learning. It also demonstrated to have a positive effect on cognitive and emotion
management abilities. But there were also areas like emotional understanding, where
these improvements did not show a significant enhancement. We also found a high level
of individual differences in the scale of improvements. This resonates to some extent with
Pontifex, Hillman and Polich (2009)’s findings on the differential and selective effect of
fitness on attentional systems in older adults. They found that the effect is modulated by
task difficulty. While physical activity can lead to improved cognitive abilities, it may not
be able to prevent age-related cognitive decline due to depletion of neural structures like
white or grey matter for example. On the other hand, there have been other studies
providing a link between exercise and neuronal propagation (Cotman et al., 2002) and
increases in monoamines (norepinephrine and dopamine) (Brown et al., 1979; MacRae,
Spirduso et al., 1987) and human studies indicating that exercise can lead to age‐related
decreases in neuronal tissue loss in the frontal, parietal, and temporal cortices (Colcombe
et al., 2004). The answer may lie in the link between cognitive engagement and exercise;
the more cognitively demanding an exercise/physical activity, the more effect it would
likely have on enhancing brain activation and linked cognitive abilities (Bherer et al.,
2013; Voelcker-Rehage & Niemann, 2013). Another method to accentuate the positive
effect of exercise is to design interventions that are a combination of physical and
cognitive training, which have shown promising results (Bamidis et al., 2015).
In the optimization study, we found that our intervention had a differential effect on the
younger and older adults. While it was somewhat successful at improving learning in the
older adults, in the younger adults, it may even have interfered with their learning.
Similar to the previous study, here too, we found executive control and emotion
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management variables associated with motor learning and performance. Whereas in the
younger adult groups, the EF variables were associated with their motor performance, in
the older adults, it was EF and EI variables (emotion management and emotion regulation
by reappraisal) that were correlated with motor performance. Another observation that
echoed previous finding in this area was that mindset does play a role in mediating skill
acquisition. The older adults in our study exuded a positive attitude towards the whole
process. They were curious to understand and learn the task and enjoyed the experience.
The younger adults (some of them at least) on the other hand, were more skeptical and
even anxious. Thus, while the older adults’ positive attitude appears to have aided them
in the process of learning a novel motor skill, for the younger adults, their negative affect
appeared to impede their learning ability. Further follow up studies will have to be
carried out to examine this in more detail.
The act of motor learning itself generates substantial brain activity in various cortical and
subcortical regions including and not limited to the basal ganglia, anterior cingulate
cortex, inferior frontal gyrus, medial cerebellum, and visual and parietal cortical areas
(Seidler, 2010). Different aspects of motor learning (initial learning, later stages of
learning, acquisition, transfer, retention, recall) have been associated with changes in
brain activation in different brain regions (Bedard & Sanes, 2014; Floyer-Lea &
Matthews, 2003). In terms of behavioral mechanisms, motor learning has shown to
improve abilities like spatial working memory, associate, explicit and implicit memory
processes (Anguera et al., 2009; Taylor & Ivry 2011; Trewartha et al. 2014; Rajeshkumar
& Trewartha, 2019), executive control processes such as those involved in making
intentional strategic corrections that facilitate perceptual motor integration
(Willingham,1998; Heuer & Hegele, 2008), etc. Given its positive effect on the brain,
motor learning itself may be utilized as an intervention to improve cognitive functioning.
By including individualized training methods (e.g. customized instructions) in this
process, one could enhance the benefits derived from the it.

5.2 Limitations
We did have our share of limitations. In the exercise intervention study, we did not have
an active control group, and building this in would have made the evidence for our
intervention-based findings stronger. We also had very stringent selection criteria and
limited our participant pool to highly functional older adults. Future iterations should
look at a broader range of health conditions/status. The exercise itself was a lowmoderate intensity exercise program and may not have been robust enough to bring about
significant neuro-physiological changes. The sample size was also quite modest, which
also limits the type of analyses that can be performed. In the Optimization study, though
we did see some evidence of the desired effect, or positive impact of the intervention in
the OA group, we did not see a robust effect overall, and none in the younger adult group.
One explanation could be the wordings of the instructions. They might have to be framed
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differently to have a significant impact on learning and skill improvement. We could also
time the instructions differently, giving it before transfer instead of the learning phase to
observe it had a more direct effect in reducing proactive interference.
There were individual differences in how participants responded to the interventions,
with each of them displaying different levels of improvement. Obtaining a better
understanding of this variation (and identifying its physiological/behavioral biomarkers if
possible), can enable designing more effective individualized raining interventions with
better results.

5.3 Applications & Human Factor Implications
These are preliminary works with implications for designing innovative, simple, and
effective interventions to improve about exercise induced improvements in skill
acquisition and motor learning, in addition to preventing and managing age related
cognitive decline. The findings from these studies have applications across domains of
mental health, rehabilitation (physiotherapy, occupational therapy, etc.), education, and
training. For example, prescribed exercise could be switched for, or compliment
pharmacological treatments to bring about improvements in cognitive, motor, and
emotional functioning. This may be enhanced by adding a cognitive training component
to it. For such interventions to be truly effective, the choice of exercise and training
model would have to be tailored to the client/patient, based on their physiological and
psychological requirements/characteristics. Findings from studies such ours can help
inform these decisions and contribute towards devising training interventions for various
populations depending on the type of tasks and the characteristics of the trainee (older
adult vs younger adult, novice vs. experts, etc.). In the rehabilitation domain, it could be
something as simple as tailoring certain technical nuances of the instructional method, or
planning the training based on user-based cognitive and emotional abilities/strengths, and
these might look different for younger and older adults. Brain imaging and non-invasive
brain stimulation could help obtain real time information on the regional and functional
brain activation/s associated with such interventions and add to this body of knowledge.
Future research involving identification and segregation of neurocoritcal or
neurophysiological markers related to skill acquisition in different contexts will
contribute substantially towards understanding these interlinkages in a more
comprehensive manner and designing result-based intervention and treatment programs.

5.4 Conclusion
Such studies would improve our knowledge regarding neurophysiological and behavioral
basis of conditions like proactive interference and shed more light on the individual
difference in motor learning. This would inform towards training methodologies and
interventions to make learning more effective and efficient. For example, it has been
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found that just by changing the design (gradual increase in rotation versus sudden
increase) it increased learning. This points to the fact that the way a study is designed,
including the instructional methodology can influence learning, and the way it does, can
be different for different people. Training strategies have to take into consideration
individual differences to make it more effective.
Overall, motor learning/skill acquisition is more holistic than it appears with various
cognitive and emotional intelligence variables being involved in the learning and
performance of a motor task. In addition, the nature/type of the skill/activity to be
learned, whether the individual in question is a novice or expert, may also mediate the
effect of the training intervention. We hope that our findings will encourage future
enquiry into this domain, to better understand the intricate relation between forms of
exercise, brain region activation and emotional intelligence, leading to novel and
innovative interventions that will make motor skills acquisition an enriching and effective
experience.
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Figure 3.1: “Conditions that fail to enhance learners’ expectancies and support their need
for autonomy, and promote an internal focus of attention result in a vicious cycle of nonoptimal learning (a), whereas conditions that enhance expectancies, provide autonomy
support, and promote an external focus result in a virtuous cycle of enhanced motor
learning (b)” Reprinted by permission from Springer Nature: Springer. Psychonomic
Bulletin & Review. Optimizing performance through intrinsic motivation and attention
for learning: The OPTIMAL theory of motor learning, Gabriele Wulf et al, 2016.
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